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ABSTRACT OF THE DISSERTATION

CHARACTERIZATION OF AORTIC VALVE INTERSTITIAL CELLS
RESPONSIBLE FOR ELASTOGENESIS
by
Sana Nasim
Florida International University, 2020
Miami, Florida
Professor Lidia Kos, Co-Major Professor
Professor Joshua Hutcheson, Co-Major Professor
The aortic valve (AoV) controls unidirectional blood distribution from the
left ventricle of the heart to the aorta for systemic circulation. During the systolic
and diastolic phases, AoV leaflets rely on a precise extracellular matrix (ECM)
microarchitecture for appropriate biomechanical performance based on the
arrangement of collagen, elastin and glycosaminoglycans. The ECM structure is
generated and maintained by valvular interstitial cells (VICs), which reside within
the leaflets. VICs are a heterogeneous population of cells that are derived from a
mixture of developmental precursors. Mainly, VICs arise from endocardial and
neural crest cells that migrate into the cardiac cushions during development. The
contribution of these diverse populations to the formation of the ECM
microarchitecture has not been established. Relatively little is known about
regulation of elastic fibers, though elastin abnormalities result in congenital AoV
defects and elastin degradation initiates AoV diseases.
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The present study showed for the first time the relationship of pigment
presence in the mouse AoV with elastic fiber patterning. To establish the timing
of elastin (Eln) expression in the mouse AoV, RT-qPCR was performed and
found that Eln peaks at late embryogenesis (E17.5) and early postnatal stages
but remains at low levels in adulthood. Confocal microscopy of AoVs from mutant
mice revealed that elastic fibers were almost completely missing in Kitwv/wv mice
that have no pigment and were more abundant and disoriented in K5-Edn3
transgenic hyperpigmented mice. Additionally, by combining RNAscope with
immunofluorescence, I found that VICs that co-express the melanocyte specific
marker Tyrosinase and alpha smooth muscle actin (aSMA) express Eln
indicating they are responsible for elastin production. Furthermore, by lineage
tracing using the Wnt1-Cre system, I found that these cells are not exclusively
derived from the neural crest suggesting a contribution of a third lineage other
than the known two. Moreover, using atomic force microscopy I found that the
pigment affects the mechanical stiffness of the AoV leaflet, where those from K5Edn3 have higher overall stiffness when compared to those from Kit wv/wv and wild
type mice. Despite of a striking phenotype, these mice live normally and have no
overt cardiac differences.
In conclusion, the present study showed that pigment is necessary for the
proper patterning of the mouse AoV leaflets and contribute to its biomechanical
properties. The results also indicated that Eln producing cells have a unique
melanocytic and smooth muscle cell phenotype and are not derived from the
neural crest.
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CHAPTER I
INTRODUCTION
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I Introduction
The heart, a muscular organ, provides oxygenated blood carried from the
lungs and distributes it to the rest of the body. It pumps approximately 7,200 liters
of blood in a day and beats approximately 3 billion times in an average human
lifetime (Kenney et al., 2015). It rests on the superior surface of the diaphragm
between the two lung lobes. The human heart consists of two pumps separated
by a partition. The right pump receives deoxygenated blood from the body and
sends it to the lungs, whereas the left pump receives oxygenated blood from the
lung and sends it to the rest of the body. The two pumps consist of an atrium and
a ventricle. The heart also has of 4 valves that maintain unidirectional blood flow:
two atrioventricular valves (tricuspid and mitral valve) and two semilunar valves
(pulmonary and aortic valve (AoV)) (Figure 1.1A). This literature review will focus
on the mature AoV composition, diseases associated with a change in AoV
structure, and AoV development.

1.1 Aortic valve
The AoV is located between the left ventricle and the aorta, and functions
to prevent the regurgitation of blood, into the left ventricle, that has been pumped
to the aorta for systemic distribution to the end organs. The increase of left
ventricular pressure during cardiac systole above the aortic pressure pushes the
three AoV leaflets open and ejects blood from the heart. Reversal of the pressure
gradient during diastole forces the leaflets to stretch toward the center of the
valvular orifice where the free edges of the leaflets meet to create a seal that
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prevents the backflow of blood into the heart (Figure 1.1B). Blood pressure
imposed on the closed AoV during diastole results in mechanical stresses and
strains in the leaflet tissue. A specialized cellular and extracellular matrix (ECM)
microarchitecture responds to these mechanical forces and confers appropriate
biomechanical function.
1.1.1 Aortic valve structure
The composition and the specialized distribution of the ECM and cellular
environment dictate normal AoV homeostasis. The AoV leaflets have a trilaminar
architecture, which consists of ECM, proteoglycans, and cellular components
(Figure 1.2). The layer closest to the aortic side of the AoV called the fibrosa, is
densely composed of circumferentially aligned fibrillar collagen type I and III that
provides tensile strength during the closure of the AoV (Kershaw et al., 2004).
The intervening layer, known as the spongiosa, is predominantly composed of
glycosaminoglycans and proteoglycans. This dominant layer maintains tissue
integrity and lubrication between the outer layers during the bending and
stretching of the AoV. Lastly, the layer adjacent to the left ventricle is known as
the ventricularis. The radially aligned elastic fibers in this layer provide elasticity
during extension and recoil to the valve during each cardiac cycle (Schoen,
1997) (Figure 1.3). The mature AoV requires a balance between stiffness,
flexibility, and optimized compressive forces to open and close properly. This
function relies mostly on the proper patterning and distribution of the ECM
components. The residing cells are the major key player as they express genes
that encode these ECM components such as collagens, chondroitin sulfate,
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proteoglycans, and elastin as well as the ECM-remodeling enzymes such as
matrix metalloproteases (MMPs) and tissue inhibitors of MMPs (Rabkin et al.,
2001) (Aikawa et al., 2006). Two major cellular components are found in the AoV
leaflets: valvular endothelial cells (VECs) and valvular interstitial cells (VICs). Of
note, the relative contribution of these cells to patterning the specialized AoV
ECM structure remains unclear. This cell-matrix interaction initiates a series of
signaling pathways associated with the cellular cytoskeleton, and ECM binding
proteins such as hyaluronic acid, decorin, heparin, collagen-binding glycans
(Macgrogan et al., 2014). These signaling pathways, as well as the
understanding of the cellular environment during the initial valve development
phases, are poorly understood due to their intricacy. The heterogeneity and the
contribution of VICs in the production of the above-mentioned ECM components
are not well studied. Mice lacking key ECM proteins have developmental defects
that lead to improper valve formation and function (Hinton & Yutzey, 2011).
Specifically, transgenic mouse models that lack elastin do not survive after birth
due to valvular abnormalities and/or vascular obstruction; their heterozygous
have AoV abnormalities in adulthood (D. Y. Li, Brooke, et al., 1998) (Hinton et al.,
2010). In the latter section of this review, the heterogeneity and the origin of
these cellular populations will be discussed.
1.1.2 Cellular heterogeneity in the aortic valve
The AoV cells sense and respond to mechanical stresses and strains
experienced within the leaflet tissue. The cellular responses to mechanical
stresses play an important role in valve development and remodeling. The AoV
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leaflets consist of an outer layer of VECs that interact with the blood and
associated hemodynamic forces and inner layers of VICs that maintain the ECM.
1.1.2.1 Valvular endothelial cells
Aortic valve leaflets are composed of a monolayer of VECs. VECs play a
critical role in valve homeostasis, and their dysfunction is known to lead to early
processes of cardiovascular diseases (Otto et al., 1994). Several studies have
shown that VECs are morphically different than vascular endothelial cells and
respond differently to mechanical stresses. Vascular endothelial cells realign
parallel to the direction of an applied fluid flow (Imberti et al., 2002), whereas
VECs align perpendicularly to flow (Butcher et al., 2006) (Butcher et al., 2004).
Regional VEC differences also exist in the AoV leaflets. Fibrosa side VECs are
phenotypically different than the ventricularis VECs (Bischoff & Aikawa, 2011).
Gene expression analyses revealed elevated procalcific specific genes on the
fibrosa side compared to the ventricularis (Simmons et al., 2005) (Butcher et al.,
2006), perhaps explaining histopathological observations that calcification occurs
predominantly on the aortic aspect of diseased valve leaflets. VECs on the
luminal surface respond to the shear environment through a cascade of signaling
pathways, such as the secretion of nitric oxide and endothelin-1 (N. Wang et al.,
1993) (Misfeld et al., 2002). VECs can also transmit the flow changes to the
underlying VICs through paracrine signaling, which can then alter the leaflet
structure (Butcher & Nerem, 2006).
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1.1.2.2 Valvular interstitial cells
The VICs are found in all three layers (fibrosa, spongiosa, and
ventricularis) of the AoV. Canonically, VICs can exhibit five unique phenotypes,
each thought to serve a unique role in the homeostasis and pathobiology of the
AoV: (i) embryonic progenitor endothelial/mesenchymal cells (ii) activated
myofibroblastic VICs (aVICs) (iii) progenitor VICs (pVICs), (iv) osteoblastic VICs
(obVICs), and (v) quiescent VICs (qVICs). The embryonic progenitor endothelial
to mesenchymal cells are known to be early VICs progenitor cells that undergo
endothelial to mesenchymal transformation (EndoMT) that initiates the valve
formation. It is important to mention here that Notch, transforming growth factor ß
(TGFß), bone morphogenetic protein (BMP), and vascular endothelial growth
factor (VEGF) signaling has a profound role in the EndoMT process during the
developing valve formation, which affects the fate of embryonic progenitors
derived VICs (Yang et al., 2008) (Garside et al., 2013). Later sections of this
chapter will focus on these cells and their contribution during the development of
the AoV. The aVICs have been widely studied in AoV pathobiology, whereas
pVICs may help repair valve tissue (Yoder et al., 2007). The obVICs regulate
chondrogenesis and osteogenesis during the remodeling process of
pathobiology. In pathophysiology, particularly obVICs are known to be able to
activate gene profiles related to osteoblasts, chondrocytes, and adipocytes as
the initiator of cardiovascular driven diseases (Osman et al., 2006) (Liu et al.,
2007). Lastly, qVICs maintain the valve homeostasis. VICs potential to adopt
these phenotypes depends on their developmental origin. Besides known VIC
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populations such as fibroblast, myofibroblast, and smooth muscle cells (SMCs),
other cell types such as melanocytes, neurons and glia also exist in the AoV
(Kershaw et al., 2004) (El-Hamamsy et al., 2009) (Chester et al., 2008) (Brito &
Kos, 2008). Melanocytes, neuronal and glia populations have been identified in
the AoV but are relatively understudied. Overall, the AoV has unique cellular
heterogeneity that maintains homeostasis. Chapter 2 will go into detail on
understudied populations of melanocytes, neuronal, and glia phenotypes and
they will be discussed more in the later section of this review.

1.2 Heart valve development
In the United States alone, 63% of heart valve deaths occur due to AoV
malfunction (Konduri et al., 2005). Calcific aortic valve disease (CAVD) is the
most predominant valve pathology affecting more than 2.5 million people in the
US alone and is expected to double by 2030 (Yutzey et al., 2014). In CAVD, the
leaflets become thickened, stiffer, and accumulated calcium-rich nodules result in
regurgitation and/or stenosis. CAVD is a slow and progressive pathology and
early stages are associated with endothelial cell dysfunction (Farrar et al., 2015)
(Anstine et al., 2016) and inflammation (Towler, 2008) (Hulin et al., 2019). Elastin
degradation may be an important initiation event leading to AoV remodeling to
CAVD (Hinton & Yutzey, 2011). Elastin turnover, however, is low in adult tissues,
and no known strategies exist to induce elastogenesis in mature valves following
the initiation of elastin degradation (Hutcheson et al., 2014) (Oomen et al., 2016)
(Hinton et al., 2010). Few studies have shown the association of bicuspid aortic
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valve (BAV) and its correlation with biomolecular patterning of elastin and
mechanical properties in the aorta (Longobardo et al., 2018). BAV is the most
common congenital valve malformation and an estimated 50% of the BAV
patients develop CAVD (Wu et al., 2017). Therapeutic strategies that could
promote elastin regeneration could be a viable option for the treatment of AoV
diseases although native recapitulation of elastin remains difficult in ongoing
tissue engineering approaches. In the later section of this chapter, tissue
engineering approaches for CAVD repairment and replacement will be
discussed. Additionally, to address congenital malformations and adult-onset
disease remodeling responses, studies are needed to better understand heart
valve patterning during development.
The developing embryo’s heart originates from the mesodermal cells
located in the anterior part of the primitive streak within the mesoderm germ layer
(Lawson et al., 1991) (Tam et al., 1997). During gastrulation, the cardiac
mesodermal cells migrate from the streak to the splanchnic mesoderm,
establishing the first heart field (FHF), to form the cardiac crescent (Vincent &
Buckingham, 2010). As the embryo grows, the crescent’s FHF fuses in the
ventral midline, giving it space to close dorsally and form the heart tube. These
cells are comprised of external myocardial cells layered with endocardial cells.
The heart tube then elongates at the arterial and venous poles with the addition
of the secondary heart fields (SHF), which is located opposite to the FHF (C. H.
Mjaatvedt et al., 2001) (Waldo et al., 2001). The elongated heart tube then goes
through morphological looping to form distinct regions such as atria, the
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atrioventricular canal (AVC), and the outflow tract (OFT). The septation of the
AVC and OFT is necessary for the formation of the four-chamber heart with 4
valves (Figure 1.4). It is known that for the formation of the AVC, four groups of
mesenchymal cells are required: mesenchymal cap (MC), dorsal mesenchymal
protrusion (DMP), and the superior and inferior atrioventricular endocardial
cushions (Snarr et al., 2008) (S. Webb et al., 1998). These mesenchymal
progenitor cells undergo EndoMT where they migrate to the cardiac jelly and
proliferate to cellularize the cushion. The SHF gives rise to the mesenchyme of
the DMP that protrudes into the atrial chamber (Snarr et al., 2007).
Septation of the OFT requires neural crest cells (NCCs) of
neuroectodermal origin. During early development, a group of NCCs delaminates
from the neural tube from the 6-8 hindbrain (Kirby et al., 1983), transverses from
the pharyngeal arches and the SHF, migrating to the distal OFT. The NCCs
contribute to the mesenchyme of the cardiac cushions, where they fuse to form
the aortopulmonary septum, dividing the OFT into the aorta and pulmonary trunk.
In contrast, the endocardium of the proximal OFT through EndoMT gives rise to
the cushion that merges to form right and ventricular outlets (Anderson et al.,
2003). The ventricular alignment to the arteries and their fusion with the
intraventricular septum is critical as misalignment or incomplete OFT septation
leads to congenital heart defects (Brickner et al., 2000).
The endocardial cushions—the heart valve precursors—form from the
accumulation of hyaluronan-rich cardiac jelly between the endocardium and
myocardium. Valve morphogenesis initiates with the beginning of tissue swelling
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in the OFT and AVC regions through EndoMT. These endocardial cushions then
elongate and remodel to form mature valve leaflets through cellular proliferation
at the growth edges and apoptosis at the base of the cushion (Hurle et al., 1980).
The semilunar valves (aortic and pulmonary valves) are formed from the
cushions of the OFT. Figure 1.4 summarizes the contribution of OFT cushions to
the formation of individual leaflets of the semilunar valves. In brief, the
conotruncal cushions give rise to the right and left leaflets of the semilunar
valves, (Restivo et al., 2006) (Okamoto et al., 2010) whereas the posterior
leaflets are from the intercalated cushion (Restivo et al., 2006) (Anderson et al.,
2003). Furthermore, endocardial cells undergo EndoMT and migrate into the
cushions to form early VIC precursors, and disruptions to this process can lead to
valve defects (Brickner et al., 2000). The following section will expand on the
embryonic origins of the AoV with a focus on the cellular contributors to leaflet
structure.
1.2.1 Cellular lineages contributing to septum formation and valve leaflet
formation
The complexity of valve cushion formation from different cellular lineages
is crucial in defining their proper morphogenesis and function. This process is
crucial because improper cellular migration and differentiation may lead to
diseases and inappropriate patterning of a mature functioning valve. Cell lineage
tracing in mouse embryos, and/or ex vivo early chick and mouse valve tissues
show the presence of two distinct lineages from endocardium and NCCs (Lincoln
et al., 2004) (Snarr et al., 2008). Lineage-tracing studies in mice suggest that
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most VICs in the mature AoV arise from endocardial-derived mesenchymal cells,
whereas smaller VIC populations come from the NCC (Wu et al., 2011) (Wu et
al., 2013) (Nakamura et al., 2006). The contribution of NCCs to the
morphogenesis of the AoV remains controversial and poorly understood.
Additionally, other potential lineages (e.g., the SHF) have received little attention
in the morphogenesis of the AoV. Further studies are needed to understand the
relative contribution of these lineages to AoV patterning.
1.2.1.1 Endocardium and endothelial to mesenchymal transformation
EndoMT occurs mainly during cushion formation and is regulated by
signaling factors secreted by the underlying myocardium. The formation of the
endocardial cushion is known to be dependent on BMP signaling in the OFT and
AVC myocardium. BMP2 promotes hyaluronan synthase 2 expression, which
plays a critical role in the initiation of the EndoMT process (Camenisch et al.,
2000). The resultant progenitor cells express mesenchymal markers, including
Twist1, Msx1/2, and Snail transcription factors (Ma et al., 2005). BMP-induced
transcription factors Tbx2, Tbx3, Nfatc2/3/4 play a critical role in suppressing
atrial and ventricular genes in the myocardium, which leads to potential valve
cushion formation (Christoffels et al., 2004) (Chang et al., 2004) (RiveraFeliciano & Tabin, 2006) (Shirai et al., 2009) (Singh et al., 2012). BMPs are
members of the TGFß superfamily. TGFß along with the Wnt/ß catenin, NOTCH,
and Yap signaling promotes the EndoMT of the cushion formation. In particular,
TGFß2 promotes the expression of the Slug transcription factor, which induces
EndoMT in the AVC of the developing chicken heart (Romano & Runyan, 2000).
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YAP also contributes to TGFß mediated EndoMT through interactions with
SMAD2/3/4, canonical transcription factors downstream of TGFß, and activates
the expression of Snail, Twist1, and Slug (H. Zhang et al., 2014). NOTCH
signaling induces Snail expression by repressing VE-Cadherin expression
(Timmerman et al., 2004). One of the key regulators of NOTCH signaling,
DELTA-like ligand 4 (DLL-4) is essential in promoting EndoMT. It is also worth
mentioning that only a certain population of endocardial cushion undergoes
EndoMT and the underlying mechanism for this selectivity remains unknown
(MacGrogan et al., 2016). As discussed above, the general regulators of the
EndoMT process are well understood. Much less is known about post-EndoMT
valve patterning, and how the mesenchymal cells control valvular remodeling.
Inducible knockout mouse models or tissue-specific knockout models, specifically
targeting the cushion relevant mesenchyme are needed to understand
mechanisms of post-EndoMT remodeling and homeostasis.
Post-EndoMT cells within the valve cushion proliferate and synthesize
ECM to elongate and stratify the mature valve leaflets (Armstrong & Bischoff,
2004). Epidermal growth factor (EGF) and BMP signaling play a crucial role in
the proliferation and maturation of the valve leaflet. It has been shown that VEGF
signaling inhibits BMP signaling through Smad1 (Person et al., 2005). Similarly
as mentioned above, DLL4 is necessary for EndoMT; another NOTCH signaling
regulator, jagged 1 activation inhibits BMP signaling (MacGrogan et al., 2016).
Fibroblast growth factors (FGFs) have also been shown to negatively affect BMP
signaling, and control the growth of valve primordium through VICs proliferation
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(Sugi et al., 2003). VEGF and NFATc1 are the driving force of VEC proliferation,
as VECs overlay the VICs in the endocardial cushions and the mature valve
(Miquerol et al., 2000) (Dor et al., 2001) (You et al., 2006) (Combs & Yutzey,
2009). A unique VIC subpopulation within the developing valve primordia initiates
ECM stratification. Specific VIC subpopulations promote the expression of ECM
components, which withstand mechanical and chemical stresses (Hulin et al.,
2019). There is evidence that blood flow plays a critical role in altering VEC
phenotypes, which may also lead to modification of VIC behavior through
paracrine signaling. Klf2a, a shear stress-responsive transcription factor plays a
critical role in the maturation of the valve. Loss of endocardial Klf2a leads to
failure in cushion elongation and thinning in the direction of blood flow (Goddard
et al., 2017) (Heckel et al., 2015). Figure 1.5 shows a schematic of AoV
maturation from endocardial swelling to cardiac cushion to mature AoV
formation. Furthermore, analysis and modulation of mechanical stresses during
AoV development remain difficult and future works are needed to determine the
role of mechanotransduction in valve formation.
1.2.1.2 Neural crest cells
In the last two decades, NCCs have received increased recognition for
their contribution to cardiac development. Cardiac NCCs migrate from the
hindbrain to the pharyngeal arches drifting to form the aortopulmonary septum in
avian embryos (Kirby et al., 1983). Studies in mice have shown migrating NCCs
infiltrating the OFT cushions, septum, and valve primordia during development
(Jiang et al., 2000). Failure of normal NCC migration leads to malformation of
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semilunar valves along with the aortic arch and craniofacial abnormalities (Kirby
et al., 1983). Cre/LoxP transgenic lineage tracing studies have identified the fate
of NCC patterning in heart valve development. Disruption of Rho-kinase signaling
in NCCs leads to incorrect positioning of the OFT cushions and abnormal leaflet
patterning (Phillips et al., 2013). The OFT myocardium expresses Sema3c ligand
which binds to the Plxna2 receptor on NCCs, promoting their migration into the
OFT. These progenitors become the mesenchyme of truncal cushions and divide
the aorta and pulmonary trunk by differentiating into smooth muscle septum
(Brown et al., 2001). The targeted deletion of Sema3c or Plxna2 in mice leads to
impairment of the pharyngeal arch artery (Feiner et al., 2001) (Toyofuku et al.,
2008). NCCs have been shown to contribute to mature semilunar and
atrioventricular valves and the cardiac conduction system. Many of these cells
may retain multipotentiality late in development (Nakamura et al., 2006).
Although, besides their persistence in the morphogenesis their exclusive role in
the maintenance of valve tissue integrity remains unknown.
Cardiac NCC lineage tracing studies using Cx43-LacZ (Farrell et al.,
1999), Wnt1-Cre (Jiang et al., 2000), P0-Cre (Yamauchi et al., 1999), Pax3-Cre
(J. Li et al., 2000) (Engleka et al., 2005), and Krox20-Cre (Odelin et al., 2017)
have shown significant contributions of NCCs to the left and right semilunar valve
leaflets. Wnt1-Cre is the earliest restricted Cre line to target NCC-related genes
conditionally (Lewis et al., 2013). The non-coronary leaflet of the AoV, also
known as the posterior leaflet, and the anterior leaflet of the pulmonary valve are
not extensively populated by NCCs or endocardial derivatives. Using the lineage
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tracing mouse model Tnnt2-Cre, the intercalated cushion cells resulting in the
mature leaflet retain signatures of the cardiac troponin promoter (Eley et al.,
2018) (Mifflin et al., 2018). These cells may derive from SHF progenitors.
Disruption in these cell populations leads to an increased prevalence of BAV
malformations (Eley et al., 2018). The fate of NCCs and their multipotentiality is
not well understood in OFT patterning and the morphogenesis of semilunar
valves. Chapter 2 of this dissertation will discuss the role of NCCs and their
potential phenotype in the AoV and their persistence in adult AoV. It will also
discuss their role in the production of the key ECM protein, elastin.
1.2.1.3 Secondary heart field
As mentioned above, the SHF contributes to the cardiac outflow tract, a
major part of the atrial myocardium, right ventricle, and portions of the heart tube
that give rise to the left ventricle (Buckingham et al., 2005) (Dyer & Kirby, 2009).
The SHF is composed of undifferentiated progenitor cells that express Mef2c,
Tbx1, Islet-1 (Isl1), Hand2, Fgf8, and Fgf10 (Buckingham et al., 2005).
Impairment in SHF leads to a variety of cardiac morphogenesis defects and
absence can lead to early embryonic lethality (Cai et al., 2003) (Park et al., 2006)
(Prall et al., 2007). On the contrary, disturbance in the SHF development results
in incomplete heart tube and alignment defects in the cardiac septation leading to
common congenital defects that are found in humans (Park et al., 2006). The
precise contribution of SHF progenitors in the maturation of the cardiac structure
and cell phenotypes that derive from these progenitors remain unclear. As briefly
mentioned above, troponin Cre lineage tracing has shown that intercalated
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cushions of semilunar valves are derived from the myocardial lineage (Mifflin et
al., 2018) (Eley et al., 2018). Using the Cre drivers to target the myocardial
sleeve of the developing OFT will elucidate the specific sub-population of Tnnt2Cre myocardial lineage cells that lies in the intercalated semilunar valve
cushions.
1.2.2 Neural crest cells with a melanocytic phenotype
Neural crest development goes through a series of critical events such as
induction, delamination, specification, and migration to populate and aid in proper
organogenesis. Multipotent NCCs give rise to numerous cell types, including
melanocytes, most of the peripheral neurons, adipose tissue, craniofacial bone
and cartilage, and smooth muscle cells. Melanocytes are classified as either
cutaneous or non-cutaneous, which reflect their locality within the body.
Cutaneous melanocytes that are differentiated are found within the hair follicles
and epidermis. Whereas, non-cutaneous melanocytes are found in the heart,
eyes, stria vascularis of the inner ear, and the leptomeninges of the brain
(Gudjohnsen et al., 2015) (Cichorek et al., 2013) (Colombo et al., 2011). In
addition to location differences, different melanocytic populations have unique
functions, influenced by the surrounding molecular and cellular environment,
such as cutaneous myelocytes functions in close contact with keratinocytes
(Rogers, 2004). In addition to the two known melanocytes classifications, two
types of melanin are produced in the above-mentioned regions: black/brown
melanin known as eumelanin and red/yellow pheomelanin. These two types not
only differ in color but also in shape, size, and packaging of melanosomes
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granules (Slominski et al., 2004). The types of melanin also slightly differ in
pigment production pathways (Micillo et al., 2016). The following section will
expand on melanin synthesis pathways and pigment production.
1.2.3 Melanocyte biology and pigment production
Melanocytes can be defined as cells that are capable of synthesizing
melanin in melanosomes. Melanocytes in the skin are known to be exclusively
derived from the neural crest. They were initially thought to derive from the
migration of the neural crest via the dorsolateral path during embryogenesis.
Whereas, the other NCC derivatives, neurons, and glia were thought to derive
from the ventral path (Kawakami & Fisher, 2011). Adameyko et al. recently
challenged this notion, reporting that melanocytes migrate and differentiate from
nerve-derived Schwann cell precursors via the ventral path after detaching from
the nerve (Adameyko et al., 2009). Hmx1 and Krox20 act as intrinsic factors in
regulating the fate of these migratory cells and modulating extrinsic factors
including PDGF, IGF, and neuregulin-1 (Adameyko et al., 2009). In mice,
melanocyte precursors begin their migratory journey at embryonic (E) stage 8.5.
As early as E10-10.5, these fetal cells begin to express melanoblast markers
such as melanocyte inducing transcription factor (MITF) and KIT proto-oncogene,
receptor tyrosine kinase (Kit), which encodes the tyrosine kinase receptor. MITF is

a regulator of the expression and function of pigment specific factors (McGill et
al., 2002). Additionally, PAX3 (neural crest associated transcription factor),
SOX10, SOX9 (downstream regulators of the Wnt signaling pathway) are
important in the regulation of pigment production (Figure 1.6).
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Pigment production factors can be divided into three different types:
proteins that are associated with melanosome structure, proteins involved in
regulating melanin synthesis, and lastly proteins involved in transportation and
intracellular trafficking of melanosomes (Yamaguchi & Hearing, 2009). Three
important melanosomal structural proteins produce melanosomes: GP100/
PMEL17 (Pfefferkorn et al., 2010) (Watt et al., 2011), melanoma antigen
recognized by T-cell-1 (MART-1) (Hoashi et al., 2005) and glycoprotein
nonmetastatic melanoma protein-b (GPNMB) (Ping Zhang et al., 2012). MART-1
is abundant in the early formation of melanosomes, whereas GPNMB is
abundantly present in the late stages of melanosomes and is critical independent
of MITF (Yamaguchi & Hearing, 2014). Tyrosinase (TYR), tyrosinase-related
protein 1 (TRP1), and dopachrome tautomerase (DCT/TRP2) are three essential
enzymes that play a critical role in the melanin synthesis process (Figure 1.6).
Several other enzymes such as BLOC-1, OA1, SLC45A2 affect the trafficking
and the function of these enzymes (Kondo et al., 2015). The absence or severe
dysfunction of TYR and other key pigment enzymes results in albinism, where
melanocytes are present but cannot produce pigment (Oetting et al., 2003).
Additionally, NAD(P)H: quinone oxidoreductase-1 enriches melanogenesis by
upregulating TYR protein (T. Y. Choi et al., 2010). TRP1 and DCT/TRP2 also
play a crucial role in eumelanogenesis.
1.2.4 Role of melanocytes beside pigment production
In addition to their most commonly studied function in skin, melanocytes
are also important for the development and function of the inner ear stria
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vascularis, including the maintenance of the endocochlear potential for
transducing sound information to the hair cells (Steel & Barkway, 1989) (Marcus
et al., 2002). Some mouse pigmentation mutants display hearing malfunction.
Kitwv/wv spontaneous mutant have demonstrated a hearing phenotype. Kit wv/wv
mutants lack melanocytes in the skin and in the stria vascularis. However, in a
small proportion of these mutants, the stria is populated by melanocytes that
produce less melanosomes (Steel & Barkway, 1989). Pax3 is required for normal
development of melanogenesis in the cochlea and dysfunction may cause
hearing loss (H. K. Kim et al., 2014). Waardenburg syndrome, an inherited
pigment disorder, leads to potential hearing loss (Tassabehji et al., 1994).
Furthermore, melanocytes located in the heart valves and septa have
been reported to originate from similar precursor population as of skin (Brito &
Kos, 2008) (Levin et al., 2009) (Corey H. Mjaatvedt et al., 2005). Besides the
acknowledgment of the presence of melanocytes and melanin in the valves of
pigmented mice, not much is known about their role in heart valve structure or
function. Two studies have shown the importance of pigment in valve stiffness,
where pigmented regions are stiffer than the non-pigmented regions. It is also
worth mentioning that there are no reported studies on the presence of pigment
in human AoV leaflets or larger mammals (Balani et al., 2009) (Carneiro et al.,
2015). This may be one of the reasons that these cells are likely ignored and
understudied.
Chapter 2 will explore the role of melanocytes and pigment production in
the AoV structure. It will also address the embryonic origins of AoV melanocytes
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and differentiated neural crest-derived populations previously reported in the
AoV, neural, and glia phenotypes. Chapter 3 will extend the structural analyses
to the biomechanical function of the AoV leaflets.

1.3 Elastin
1.3.1 Current understanding of elastogenesis in vivo
Elastin is formed through assembly and cross-linking of tropoelastin during
elastogenesis. The elastin gene is localized as a single copy gene in
chromosome 7 in humans. It possesses 36 exons, some of which code for
hydrophobic sequences, and some for lysine-containing segments (Debelle &
Tamburro, 1999). The tropoelastin transcripts undergo intensive alternative
splicing, leading to the removal of a majority of the original gene transcript. In
humans, AoV elastin production starts between 1 st and 2nd trimester and
continues into early childhood before slowing down in early adolescence
(Votteler et al., 2013). Similarly, Johnson et al. showed that in chicken there is a
decreasing trend of elastin synthesis with time, linking a decrease from 1day old
to 8week old chickens (Johnson et al., 1995). Elastin has a known half-life of
about 70 years, during which it can go through billions of relaxation and
extension cycles without degrading or losing its functionality, reducing the
demand for elastin synthesis (Daamen et al., 2007).
Mature elastin synthesis begins with the translation of the elastin gene
inside the nucleus, and the transcription occurs in the rough endoplasmic
reticulum (Nivison-Smith & Weiss, 2011). Figure 1.7 shows a schematic of the
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elastic fiber production pathway. Inside the cell, elastin binding protein (EBP)
acts as a chaperon for tropoelastin to prevent conformational reorganization
before releasing it in the extracellular space (Vrhovski & Weiss, 1998). The
process of mature fiber formation is then guided by microfibrils, which precede
elastin in the extracellular space and play a critical role in the alignment of the
tropoelastin. Microfibrils are essential in the proper elastin assembly. They act as
a pre-existing scaffold in the regulation of growth factors or cytokines and/or
elastin associated polymer deposition. Fibrillin-1 (Fbln1), Fibrillin-2 (Fbln2), and
fibronectin seem to be the key regulators in the formation of microfibrils (Kinsey
et al., 2008). Fbln1-/- mice exhibit neonatal lethality due to aortic aneurysm and
disruption of elastic fibers (Carta et al., 2006). The deletion of Fbln2 in the Fbln1-/background worsens the severity of the phenotype and induces embryonic
lethality due to poor elastic fiber organization, indicating the importance of
microfibril formation in the proper patterning of elastin deposition. Once aligned,
lysyl oxidase (LOX) in the presence of Cu2+ initiates the crosslinking process
leading to the formation of mature insoluble elastic fibers (Brown-Augsburger et
al., 1995) (Narayanan et al., 1978). Fibulin-4 (Fbn4) and Fibulin-5 (Fbn5), which
are secreted glycoproteins, are expressed in the aorta and are also essential for
elastic fiber formation shown in vivo. Fbn4 and Fbn5 play a critical role in
tropoelastin organization through the binding with LOX and lysyl oxidase-1
(LOX1), well-studied enzymes for proteolytic activation. The skin of Fbn5-null
mice contains elastin fiber defects (J. Choi et al., 2009). Fbn4-null mice
demonstrate a severe phenotype with aortic rupture, lethality, and diaphragm
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herniation, which resembles LOX-null newborns (Hornstra et al., 2003)
(Horiguchi et al., 2009) (Huang et al., 2010). Moreover, emilin-1, which is also
abundantly expressed in the aorta and bone, binds, and co-localizes with Fbln-4
(Schiavinato et al., 2017). Additionally, elastin expression is known to be
controlled at the transcription level by IGF1 and post-transcriptionally by TGFß
(Kahari et al., 1992).
In human semilunar valves, one study showed the presence of the abovementioned key regulators of the tropoelastin to elastic fiber assembly proteins
and enzymes (Votteler et al., 2013). Using genome-wide transcriptional profiling,
it was shown that higher expression of Fbln1, Fbln2, microfibril-associated
glycoprotein-1, and fibronectin exist in the developing human AoV and is reduced
during adolescence and adulthood. Fbn4, Fbn5, and emilin1 express significantly
throughout the development and adolescent stages in human AoV (Votteler et
al., 2013). Given the important role of elastin in tissue material properties, the
following section will discuss the biomechanics of elastin regulation and function.
1.3.2 Mechanical and biological properties of elastin
As mentioned above, elastin is extremely durable with a half-life of
approximately 70 years. The Young’s modulus of the elastic fibers ranges from
300-600kPa (Vrhovski & Weiss, 1998). Although the mechanism for elasticity has
not been fully elucidated, elastic recoil is suggested to be entropically driven,
where the extension of the protein leads it to an ordered structure, and thus the
recoil results in a disordered state (Vrhovski & Weiss, 1998). Elastic fibers
provide uniquely reversible elasticity and loss of critical components alters the
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mechanical behavior of the tissue. Several studies have focused on mechanical
behavior in two ways, structural and mechanical stiffness in mouse models with
elastic fiber defects. Structural stiffness is often determined using in vitro
pressure myography systems under different loading conditions. In contrast,
material stiffness depends on the multiaxial deformation of the tissue, which can
be calculated by fitting a nonlinear strain energy function to biaxial mechanical
testing data (Wagenseil & Mecham, 2009) (Chaparro et al., 2020). Another
important mechanical property to consider is residual stress, which is the stress
that forms during growth and development and remains in unloaded tissue.
Stored strain energy (stored multiaxial energy, the remainder of energy to do
more work) and energy dissipation (lost energy due to remodeling factors) are
also important mechanical properties to understand elastic tissues (Wagenseil &
Mecham, 2009).
Elastin null (Eln-/-) mice die at birth due to aortic obstruction (D. Y. Li,
Brooke, et al., 1998). The ascending aorta of these mice exhibit increased
structural stiffness and disorganized SMC layers compared to Eln+/+ mice
(Wagenseil et al., 2009) (D. Y. Li, Brooke, et al., 1998). Additionally, Eln-/- mice
exhibit an increase in aortic energy dissipation, structural stiffness, and blood
pressure compared to Eln+/- heterozygous mice (J. Kim et al., 2017) (Hirano et
al., 2007). However, Eln+/- live a normal lifespan but may develop hypertension
due to a postnatal increase in structural stiffness (D. Y. Li, Faury, et al., 1998) (Le
et al., 2011). These observations are consistent with the understanding of how
elastin and collagen contribute to aortic mechanics; specifically the reduction in
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elastin leads to reorganization of collagen fiber alignment and nonlinearity of
elastin patterning in Eln+/- aorta to maintain stiffness comparable to normal mice
(Cheng et al., 2013). Elastin is an atypical elastomer that requires water to
maintain its resilience, and its mechanical properties are dependent on the
aqueous environment. Using a two-stage-liquid-vapor method, Wang et al.
showed that extrafibrillar water is essential for the elastic behavior of elastin, and
anisotropy of the elastic material decreases with water loss (Y. Wang et al.,
2018).
1.3.3 Elastin and its associated diseases
Degradation and loss of elastin have been shown to lead to several
diseases. In the skin, loss of contractility and extensibility occurs because of
mutations in the elastin gene or genes associated with elastic fiber synthesis
(Rnjak et al., 2011). Elastin insufficiency leads to a decreased diameter of
oxytalan fibers present in the periodontal ligaments and mature elastic fibers
(Dridi et al., 1999). William syndrome (WS) is an autosomal dominant trait
originating from a deletion of at least 114kb on one elastin allele (Ewart et al.,
1993). Patients with WS have an extensive loss in viscoelasticity in the skin when
compared to populations with normal elastin expression (Kozel et al., 2014).
Cardiovascular abnormalities are also present in approximately 80% of WS
patients. Similarly, several vascular pathologies are associated with mutations in
the elastin gene or alterations in the elastin protein. Fragmentation and breakage
of elastic fibers have been linked with the deregulation of the vascular SMC
phenotype and proliferation, leading to cardiovascular complications.
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Translocation, deletion, and mutation in the elastin gene lead to supravalvular
aortic stenosis (SVAS). SVAS occurs due to the disorganization of elastin
lamellae, which induces SMCs hyperproliferation that increases arterial thickness
and eventually leads to obstruction (Urbán et al., 2001). Furthermore, mice with
elastin mutations also exacerbate disease phenotypes in other models.
Consequently, Eln+/-Apoe-/- mice were shown to have increased ascending aortic
plaque, suggesting that the disease progression occurs due to increased arterial
stiffness (Stoka et al., 2018), inferring that the increase in blood pressure
changes as well as changes in circulating interleukin-6 and TGFß1, which are
known to be associated with elastin production pathway.
In vascular diseases, elastin insufficiencies in mice cause upregulated
SMCs activation and changes in elastic lamellae, which are present
circumferentially in the media layer, leading to change in biomechanical
properties to the smaller lumen, decreased compliance, and a thicker wall (Faury
et al., 2003) (Wagenseil et al., 2005). Hypertension also associates with elastin
insufficiency. WS in humans and mice leads to reduced rates of hypertension
because of the larger deletion of the NCF1 gene, which encodes p47phox, and is
a component of the NADPH oxidase complex (Campuzano et al., 2012). This
finding suggests that patients are protected from hypertension due to a reduced
ability to generate oxidative stress (Campuzano et al., 2012). It is important to
mention that existing mouse models do not develop progressive pathologies for
vascular or valvular stenosis observed in human patients. Instead, these models
show more homogenous long segmented progression for thickening and
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narrowing, specifically in large vessels. Consequently, the aortic stenosis that
worsens over time postnatally in humans may involve additional mechanical,
genetic, or environmental factors that are not completely understood.
In the lungs, arteries, elastic cartilages, and the tips of alveolar septa are
enriched in elastin, which aids in diaphragm relaxation and the expiration of air.
The lungs of Eln+/- neonates have a 50% reduction in tropoelastin with a
simultaneous increase in collagen and LOX, along with fewer microvessels
(Hilgendorff et al., 2015). Eln-/- mice demonstrate incomplete development of
distal airways, and have dilated air sacs and weakened septae before the
initiation of alveologenesis (Wendel et al., 2000). Environmental toxins, such as
nicotine, given to Eln+/- mice leads to excess damage compared to Eln +/+ controls
(Shifren et al., 2007).
Elastin is also found in human vocal cord lamina propia as oxytalan fibers
and as mature elastic fibers in the deeper layers, making up 9% of total protein in
the vocal cord (Hahn et al., 2006). Elastin plays a critical role in vocal vibration
and biomechanics of voice quality. Histological analyses of WS patient’s vocal
cords show a lower than normal elastin expression (Vaux et al., 2003). Likewise,
Eln+/- showed decreased elastin within the vocal cord when compared to its
respective WT sibling (Watts et al., 2011). WS individuals have sensorineural
hearing loss, conductive hearing loss, and hyperacusis (Klein et al., 1990).
Different mechanisms have been proposed for the relationship between elastin
insufficiency and hearing loss, including cochlear perfusion to vascular stenosis,
but the exact mechanisms remain unclear (Marler et al., 2005).
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In light of the pathologies caused by elastin mutations and/or degradation,
studies have sought to therapeutically increase or regenerate elastin fiber
synthesis. Two particular strategies have been tested in vitro and in vivo:
inhibition of miR29 (Pei Zhang et al., 2012) and KATP channel agonists (Slove et
al., 2013) (Tokimitsu & Tajima, 1994). Challenges remain for the clinical use of
these agents, including specificity and targeted delivery. Currently, there are no
FDA approved treatments for elastin regeneration.
1.3.4 Elastin and tissue engineering
The therapeutic production of highly organized fibers with optimal
mechanical properties of developmentally produced elastin remains a challenge.
Recent advances offer promise in future controllability of elastogenesis. Adding
Cu2+ ions enhances LOX activity and, in combination with hyaluronan, induces
elastin deposition in adult rat SMCs (Kahari, 1994). Treating adult vascular SMCs
with TGFß and hyaluronan enhances elastin deposition without increased cellular
proliferation (Kothapalli & Ramamurthi, 2009) Heparin, a commonly used
anticoagulant, has also been shown to promote recombinant tropoelastin in vitro
(Tu & Weiss, 2008). Adult fibroblasts and SMCs treated with heparin show
extensive elastic fiber formation and demonstrate promising elastic fiber
formation in fetal cells. (Tu & Weiss, 2008) (Saitow et al., 2011).
In addition to stimulating mechanisms associated with elastogenesis to
induce cells to form elastic fiber network, several natural, synthetic, and
recombinant biomaterials have been utilized as a source of elasticity in scaffolds.
Porous polyglycerol sebacate has been used for heart valve and skin
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regeneration and has been shown to have similar mechanical properties to
bovine AoV (Masoumi et al., 2013). In vitro studies using polyglycerol sebacate
promotes adhesion and proliferation of mouse dermal fibroblasts (X. Zhang et al.,
2016). Other materials such as poly(ester urethane) based on PCL and PHAPLA-PGS have been utilized for myocardial tissue engineering approaches
(Chiono et al., 2014). Poly-octamethylene citrate (POC) (Motlagh et al., 2007)
and POC-PLLA (A. R. Webb et al., 2007) based materials exhibit tunable
mechanical properties suitable for vascular tissue engineering, cartilage, and
ligament regeneration. Tissue decellularization techniques have been used to
maintain the native architecture and repopulating with limited cells for blood
vessel or valve regeneration (Amiel et al., 2006) (Petersen et al., 2010).
Tropoelastin and elastin-like polypeptides combined with hydrogels have been
used to obtain optimal elastic behavior with the addition of a cellular component
to enhance the elastic properties (Mithieux et al., 2004) (White et al., 2015)
(Betre et al., 2002) (Y. N. Zhang et al., 2015). Decellularized tissues for the
natural elastic matrix are ideal to avoid an immunogenic reaction and to preserve
natural tissue. Additionally, pure elastic fiber can be obtained from several animal
sources, although mature elastin is highly insoluble and is challenging to purify
and process. The major drawback is that the decellularization process can
damage the fiber network residues of microfibrillar components. Electrospinning
has been utilized to synthetically obtain elastic fibers, although α-elastin leads to
brittle scaffolds, which may also be due to testing performed in dry conditions (M.

28

Li et al., 2005). These scaffolds also did not promote cell attachment, migration,
and proliferation.
Another approach has been to utilize hybrid materials rather than singlecomponent materials. For example, materials that lack cell attachment,
proliferation, or migration can be enhanced with the addition of proteins or
polymers that can provide these properties. Although these hybrid constructs are
of interest, they are challenging to produce. Some of the hybrid elastomeric
protein-protein constructs currently being explored in the tissue engineering
realms are elastin-collagen (Daamen et al., 2003) (Buttafoco et al., 2006),
tropoelastin-collagen (Rnjak-Kovacina et al., 2012), and elastin-like peptidecollagen (Garcia et al., 2009). These constructs are effective models for in vivo
and in vitro studies but have not been translated for therapeutic benefit.
Translation of these methods will require a combination of mechanical
functionality, durability, biocompatibility, and proper biological activity. New
mechanistic insight into regulation of elastin formation and homeostasis could
lead to better constructs, fabrication, and translation for clinical utility.

1.4 Research Questions
The AoV opens and closes three billion times in an average person’s
lifetime, requiring it to have precise ECM trilaminar microarchitecture of collagen,
GAGs, and elastin (A. C. Liu et al., 2007). The AoV is composed of two major
populations of cells: endothelial and interstitial cells. VICs are a heterogeneous
population of cells that are responsible for the synthesis of ECM components.
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This heterogeneous population is known to be derived from a mixture of
developmental precursors: endocardial, cardiac neural crest and mesenchyme
derived from the second heart field progenitor cells (Mifflin et al., 2018) (Peterson
et al., 2018). The relative role of different VIC subpopulations in AoV
development and maintenance remain unknown. Most studies on AoV ECM have
focused on the remodeling of collagen, which has been shown to accumulate in
diseased valves (Simard et al., 2017) (Wågsäter et al., 2013). Relatively little is
known about the regulation of elastic fibers, though elastin abnormalities result in
congenital AoV defects and elastin degradation initiates AoV diseases (Votteler
et al., 2013) (Longobardo et al., 2018) (Phillips et al., 2013). In the mouse AoV,
pigment-producing cells, melanocytes, are present and their role remains
unknown. Previous studies showed the presence of pigment in the AV valves
and suggested an association with the valve mechanical properties (Brito & Kos,
2008) (Balani et al., 2009). Preliminary work on mutant mice with varying
amounts of AoV pigment revealed a relationship between the presence of
pigment and elastin fiber patterning. The central goal of this study was to
identify the specific subpopulation of VICs that is responsible for the
production of elastin and proper patterning of elastic fibers in the AoV. This
study also aimed at further understanding the biomechanical and functional
implications of pigmentation in the AoV. I hypothesize that NC-derived cells
are responsible for elastin production in the AoV and the presence of pigment in
the AoV provides mechanical stiffness for the functioning of the AoV.
To test this hypothesis, the following questions were addressed:
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Question 1: What is the timeline of elastin expression in the murine AoV?
To establish the elastin gene expression timeline, I collected AoV from
C57BL/6J mice (wild type) at embryonic and postnatal stages. The reverse
transcription-quantitative polymerase chain reaction (RT-qPCR) technique was
utilized to assess the mRNA levels at early to late embryonic stages, early
postnatal stages, and 10-12 weeks old mice.
Question 2: When do elastin and collagen fibers start to form in the murine
AoV?
I hypothesize that elastic fibers start to form at early postnatal stages,
following the peak of elastin transcriptional regulation. To evaluate elastin and
collagen structural organization, Alexa Fluor 633 hydrazide was used to stain for
elastic fibers, and CNA35-488 was used to stain for collagen fibers. Postnatal (P)
stages P0, P7, and 12-13 weeks old mice from C57BL/6J strain were utilized to
establish the timeline of elastin and collagen fiber patterning in AoV wholemount
leaflets.
Question 3: Which specific cell type is responsible for the production of
elastin?
Given that elastin peaks during late embryonic stages and early postnatal
stages, I utilized the P0 stage to characterize the elastin producing cells using
RNAscope in situ hybridization combined with immunofluorescence. In tissues
other than heart valves, fibroblasts, and SMCs are known to be responsible for
elastogenesis (S. Liu et al., 2014). To identify elastin producing cells, I combined
Eln with alpha-smooth muscle actin (α-SMA) antibody staining. To further explore
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the role of melanocytes and their relationship with elastin production, I combined
Eln and Tyr mRNA with α-SMA antibody staining.
Question 4: Do variations in the amount of pigment affect the presence of
elastic fibers in the AoV?
As established in question 2, appearance of elastic fibers coincides with
pigment deposition in the AoV. I further hypothesize that alterations in pigment
may affect the elastic fibers in the AoV. To establish of the relationship between
pigment and elastic fiber patterning, hyperpigmented and hypopigmented mouse
models were used to create a similar timeline as done for C57BL/6J mice to
address Question 2. I also quantified ELN transcription levels in the AoV at P0,
P7, and 12-13 weeks old mice in the above-mentioned mouse models to assess
the levels of mRNA expression.
Question 5: Are the melanocytes present in the AoV, neural crest-derived?
Do they express markers of other neural crest-derived cell types?
To further characterize the melanocytes, antibody staining for other
marker of other differentiated cell types were utilized such as neuronal marker,
neuron-specific class III beta-tubulin (Tuj1) and glia marker, glial fibrillary acidic
protein (GFAP) and α-SMA (smooth muscle). AoV wholemount and cryosection
immunofluorescence was performed from 12-13 weeks old mice.
Question 6: Are the elastin producing cells neural crest-derived?
To establish if elastin producing cells are of neural crest origin, Wnt1Cre/
ZsGreen mice were used for lineage tracing. I performed RNAscope for ELN and
Tyr combined with immunofluorescence for α-SMA on P0 wholemount as well as
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on traverse sections of the AoV. I hypothesize that most of the Wnt1 positive cell
population will be positive for Eln and Tyr mRNA as well as α-SMA.
Question 7: Do variations in the amount of pigment affect the
biomechanical properties of the AoV?
I hypothesize that alterations in pigment affects the biomechanics of the
AoV. I used atomic force microscopy to quantify the mechanical stiffness at
regional levels in the wild type, hyperpigmented, and hypopigmented AoV. To
further characterize the relationship between regional stiffness and its
corresponding ECM architecture, regional elastin and collagen fiber alignment
and patterning in the AoV were also assessed.
Question 8: Do variations in the amount of AoV pigment result in cardiac
functional differences?
To address the cardiac functional differences, small animal
echocardiography was assessed on three different mouse models: control,
hyperpigmented, and hypopigmented mice. Cardiac morphological, functional
changes using M-mode and B-mode imaging, transmitral and AoV blood flow
measurements using pulse wave Doppler imaging were utilized.
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1.5 Figures

Figure 1.1 Heart anatomy and mature aortic valve leaflet. (A) Anatomy of the
heart focusing on one of the semilunar valves, aortic valve (B) The mature aortic
valve contains highly specialized layers: fibrosa facing aorta, ventricularis facing
the left ventricle, and spongiosa, middle of the two layers (Medline Plus., 2018).
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Figure 1.2 Trilaminar microarchitecture of a human aortic valve. (A) Movat
Pentachrome histology of a transverse human aortic valve leaflet section. (B)
Schematic of the trilaminar aortic valve leaflet, which has two outer layers of
VECs on the fibrosa and ventricularis layer, whereas spongiosa has VICs.
Collagen is mainly present on the fibrosa side, whereas elastin is mainly present
on the ventricularis side. Proteoglycans and glycosaminoglycans are present
throughout the spongiosa layer. VECs, valvular endothelial cells; VICs, valvular
interstitial cells.
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Figure 1.3 Collagen and elastin microenvironment in the aortic valve. (A)
Collagen (green) is circumferentially aligned, providing tensile strength to the
aortic valve leaflets. (B) Elastin (red) is radially aligned, providing elasticity to the
valve tissue. (C) These two major extracellular matrix components work together
to allow leaflets to stretch toward the center of the valvular orifice where the free
edges of the leaflet meet and create a seal during the diastolic phase.
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Figure 1.4 Endocardial cushions in the outflow tract (OFT) and semilunar valve
leaflets. Endocardial cushions in the OFT (left). The cushions are color-coded to
correspond to their derived semilunar valve leaflets shown on the left. AoV, aortic
valve; CTC, conotruncal cushions; ICC, intercalated cushions. PV, pulmonary
valve Adapted from (Lin et al., 2012).
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Figure 1.5 Maturation of aortic valve from endocardial swelling to a mature valve
leaflet. (A) Embryonic (E) 9-10, when endocardial swelling starts to occur by
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promoting BMP signaling to upregulate expression of Tbx2 and Tbx3 as well as
hyaluronan to fuel the endocardial jelly in the AVC. (B) During E10-12, VEGF,
Wnt/ßcatenin, NOTCH, and TGFß signaling takes over to promote EndoMT for
more pronounced endocardial cushion formation. (C) Throughout E14-18, distal
proliferation of VECs and VICs occurs throughout the valve primordium. This
occurs by activation of BMP and FGF signaling and inhibition of VEGF and
NOTCH signaling. (D) The postnatal aortic valve contains profound layers with
heterogeneous populations of VECs and VICs, along with the uniform ECM
layers with glycosaminoglycans. These populations are region-specific exposed
to a unique combination of the mechanical environment. The fibrosa layer has
bundles of collagen fibers and collagen expressing VIC subpopulation, and are
constantly exposed to OSS. Ventricularis has radially aligned elastic fibers which
are prominently present. There are also differentiated melanocytes, neurons, and
glial cells present in the mature aortic valve beside the other known VIC
subpopulations. AVC, Atrioventricular canal; BMP, bone morphogenic protein;
Endo-ECs, endocardial endothelial cells; EndoMT, Endothelial to mesenchymal
transformation; FGF, Fibroblast growth factor; NCC VICs, neural crest-derived
valvular interstitial cells; NFATc1, Nuclear factor of activated T-cells; OSS,
Oscillatory shear stress; SMCs, smooth muscle cells; Tbx, T-box transcription
factor; TGFß, transforming growth factor-beta; Twist, Twist related protein; VECs,
Valvular endothelial cells; VICs, Valvular interstitial cells; VEGF, Vascular
endothelial growth factor; WNT, Wingless-related integration site; YAP, Yesassociated protein 1.
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Figure 1.6 Melanin synthesis pathway. Melanin is synthesized within
melanosome of melanocytes by a series of catalytic reactions by specific
melanogenic enzymes such as TYR, DCT, TRP1. Production of these enzymes
is driven by MITF. MITF drives the expression of several genes such as SOX10
and PAX3. DCT, Dopachrome Tautomerase;; MITF, Microphtalmia associate
transcription factor; PAX3, Paired box gene 3; SOX10, SRY-Box transcription
factor 10; TYR, Tyrosinase; TRP1, Tyrosinase related protein 1.
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Figure 1.7 Elastic fiber production pathway. (1) Tropoelastin transcription
initiates in the rough endoplasmic reticulum, (2) binding with elastin binding
protein (EBP), (3) transport of tropoelastin out of the intracellular space, (4) the
release of EBP, (5) assembly with fibulin proteins, (6) binding to microfibrils, (7)
lysyl oxidase-mediated crosslinking leading to mature elastic fibers with
microfibrils.
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CHAPTER II
CELLULAR ORIGIN OF ELASTOGENESIS IN THE MURINE AORTIC VALVE
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2.1 Introduction
Elastogenesis is a complex process that involves the precise interaction of
several proteins regulated in a spatiotemporal manner. The resultant elastic
fibers are required for expansion and recoiling during contraction and relaxation
of vessels or heart valves (Aikawa et al., 2006). Alterations in quantity and quality
of elastic fibers in a tissue result in changes in cellular signaling and
biomechanical behavior. Various important proteins discussed in Chapter 1 are
critical for the appropriate production of elastin (Eln). In brief, Eln is first secreted
as tropoelastin where it undergoes self-aggregation called coacervation. The
coacervation has been suggested for the efficient crosslinking to ELn (Keeley et
al., 2002). The process of fiber maturation is then guided by microfibrils, which
play a key role in the alignment of the tropoelastin. Fibrillin-1, Fibrillin-2, and
fibronectin are the key regulators of microfibrils (Kinsey et al., 2008). Once
aligned, lysyl oxidase (LOX) in the presence of Cu 2+ initiates the crosslinking
process leading the insoluble mature elastic fibers. Furthermore, Fibulin-4 and
Fibulin-5 are also known to be essential for elastic fiber formation, and critical in
tropoelastin organization through the binding of LOX and LOX1. Eln gene
expression and protein synthesis occur within a narrow timeframe of embryonic
(E) stage 14 to postnatal (P) stage 21 in aorta. This short window is possible due
to Eln’s 70 year half-life (Li et al., 1998) (Vrhovski & Weiss, 1998) and makes
correct deposition of Eln during the short period of Eln gene production
absolutely critical.
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Despite the fact that Eln and elastic fiber deposition are crucial for normal
cardiac development and function, not much effort has been put into the
understanding of the proper organization and patterning of these critical fibers in
the aortic valve (AoV). In the semilunar valves (AoV and pulmonary valve), the
layer facing the left ventricle is mainly composed of a high level elastic fiber
network, which is essential for proper physiological function (Yutzey et al., 2014)
(Lindsey & Butcher, 2011) (Schenke-Layland et al., 2004). Eln abnormalities
have been shown to lead to congenital bicuspid aortic valve (BAV) disease
(Longobardo et al., 2018) (Hinton et al., 2010). Previously, studies have shown
that Eln degradation maybe an important initiation event leading to AoV
remodeling to calcific valves (Hinton & Yutzey, 2011). Thus, the identification of
the cells responsible for Eln production is necessary for a better understanding of
the ethiology of valve diseases.
During embryogenesis, two major cell lineages, endocardial and neural
crest, contribute to the formation of the semilunar valves. Recent studies have
indicated that a third lineage, cells from the secondary heart field (SHF) also
participate in the formation of the AoV and pulmonary valve (Eley et al., 2018)
(Peterson et al., 2018). The endocardial process of endothelial-to-mesenchymal
transition (EndoMT) has been studied extensively (Camenisch et al., 2000)
(Romano & Runyan, 2000) (Armstrong & Bischoff, 2004). The two major valvular
cell types, valvular endothelial cells (VECs) and valvular interstitial cells (VICs)
derive largely from EndoMT progenitors (Lincoln et al., 2004). A few studies have
shown the importance of neural crest cells (NCCs) in valve leaflet patterning and
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correct positioning of the outflow tract in the earlier stages of heart development
(Kurt et al., 2011),(Phillips et al., 2013). Loss of Pax3, an early NCC marker,
results in abnormal semilunar valve morphology; leading to abnormal valvular
function (Kurt et al., 2011). Loss of Krox20-expressing NCCs leads to
hyperplastic valves and bicuspid valve (BAV) formation (Odelin et al., 2017).
Despite of this evidence, the ultimate fate of NCCs in the AoV remains unclear.
NCCs are important contributors to cardiac development, populating the
aorticopulmonary septum, cardiac ganglion, tunica media of the great arteries,
outflow tract septum, and the semilunar valves. Studies in chick embryos showed
that cardiac NCC removal can lead to a broad range of cardiac defects including
deficits in myocardium function, misalignment of arteries, and persistent truncus
arteriosus (Kirby et al., 1983),(Farrell et al., 1999). These are common congenital
heart defects in humans as well. Importantly, it has been shown that neural crest
populations that normally do not populate the heart cannot rescue the disruptions
caused by the absence of the cardiac NCCs (Kirby et al., 1983), demonstrating
the uniqueness of this population.
Melanocytes, which are known to be one of the prominent cell types
derived from the NCCs, are widely present in the skin, inner ears, and eye
(Vandamme & Berx, 2019). They are also observed in mammalian
cardiovascular tissues (Carneiro et al., 2015) (Brito & Kos, 2008) (Yajima &
Larue, 2008) (Mjaatvedt et al., 2005) (Hulin et al., 2019). Likely due to the lack of
pigmentation in human AoV leaflets, the presence of these cells and their
potential in valve homeostasis has been largely ignored. At mouse E12.5, cells
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that express the melanocyte marker, dopachrome tautomerase (DCT), were
observed in the atrioventricular (AV) valves (Brito & Kos, 2008). Balani et al.
showed that pigmented regions of AV tissues had a higher stiffness compared to
the non-pigmented region in wild type C57BL/6J mice (Balani et al., 2009),
suggesting that melanocytes may play a role in murine valve biomechanical
function. However, attempts to correlate the observed changes in biomechanical
properties with disruptions in the extracellular matrix (ECM) environment of the
leaflets were not successful (Carneiro et al., 2015). The authors, however, only
examined collagen and versican, and no other ECM components such as Eln.
Here, the relationship between pigmentation and elastogenesis patterning will be
the focus of the study.
Moreover, this chapter will focus on the cellular origin of Eln production in
the mouse AoV. I hypothesize that NCCs may be critical for Eln production and
the presence of pigment provides proper elastic fibers patterning in the AoV.

2.2 Materials and Method
2.2.1 Antibodies and reagents
Primary antibodies: rabbit polyclonal TRP1 (1:100, gift from Dr. Vincent
Hearing from NIH), chicken polyclonal GFAP (1:100, EnCor Biotechnology,
Cat#CPCA-GFAP), rabbit polyclonal GFAP (1:100, EnCor Biotechnology,
Cat#RPCA-GFAP), chicken polyclonal anti beta III tubulin (1:100, Abcam,
Cat#AB41489), rabbit polyclonal alpha smooth muscle action (1:100, Abcam,
Cat#AB5694).
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Secondary antibodies used: anti-chicken 488 (1:200, Abcam,
Cat#AB150169), anti-rabbit 594 (1:200, Invitrogen, Cat#A11012)
Other reagents: RNAscope Mm ELN-C1 (Cat#319361) and Mm TYR-C2
(Cat#422491) (Advanced Cell Diagnostics, Newark, CA), CAN-488 (1:200,
courtesy from Chris Reutelingsperger), Alexa Fluor 633 hydrazide (0.15:1000,
Invitrogen, Cat# A30634) SouthernBiotech Fluoromount-G Mounting Medium
(SouthernBiotech, Birmingham, AL Cat#010001).
2.2.2 Transgenic animals
All mice were housed in the Florida International University Animal Care
Facility. The animal protocol for this study was approved by the Institutional
Animal Care and Use Committee (IACUC). IACUC regulations were followed
throughout the study. C57BL/6J wild type mice (WT for simplicity; Stock number
000664), B6(Cg)-Tyrc-2J/J mice (Albino for simplicity; stock number: 000058),
C57BL/6J-KitW-v/J mice (Kitwv/wv for simplicity; Stock number: 000049), B6.CgE2f1Tg(Wnt1-cre)2Sor/J mice (Wnt1-Cre for simplicity, stock number 022501), B6.CgGt(ROSA)26Sortm6(CAG-ZsGreen1)Hze/J mice (ZsGreen for simplicity, stock number
were 007906) were purchased from Jackson Laboratory (BarHabor, ME). The
K5-tTA; TRE-Edn3-lacZ (K5-Edn3, for simplicity) transgenic mice were generated
in our laboratory (Garcia et al., 2008). Lastly, only homozygous mutant of Kitwv
was utilized for this study. For lineage-tracing studies, Wnt1-Cre mice were
mated with reporter ZsGreen mice, and offspring were sacrificed at postnatal
stage (P)0. All transgenic mice were on a C57BL/6J background to eliminate any
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possible background effect on Cre activity, behavior of NCCs, or reporter
expression.
2.2.3 Genotyping
Genomic DNA was isolated from tail biopsies from postnatal pups and
adult mice. Genotyping of K5-Edn3 mice was performed using the primers 5’
CCAGGTGGAGTCACAGGATT 3’, 5’ ACAGAGACTGTGGACCACCC 3’, for the
recognition of the K5-tTA gene and, 5’ GGCCTGTGCACACTTCTGT 3’, 5’
TCCTTGTGAAACTGGAGCCT 3’ for the TRE-Edn3-LacZ transgene. Routine
PCR conditions were used (35 cycles of 94°C for 30sec, 60°C for 60sec, and
72°C for 60sec) with an initial 3min hold at 94°C. PCR product was then
visualized in 1.5% agarose gel containing 0.5ug/ml ethidium bromide (Thermo
Fisher Scientific, Pittsburgh, PA). The K5-tTA produced a 244bp product
whereas the TRE-Edn3-LacZ produced a 463pb band.
For Wnt1Cre/ZsGreen crossed mice, the following primers were used to
assess the ZsGreen mutant mice: 5’ AAGGGAGCTGCAGTGGAGTA 3’, 5’
CCGAAAATCTGTGGGAAGTC 3’, 5’ GGCATTAAAGCAGCGTATCC 3’, 5’
AACCAGAAGTGGCACCTGAC 3’, where the mutant produced a 199bp band.
To assess Wnt1Cre the following primers were used: 5’
CAGCGCCGCAACTATAAGAG 3’, 5’ CATCGACCGGTAATGCAG 3’, 5’
CAAATGTTGCTTGTCTGGTG 3’, 5’GTCAGTCGAGTGCACAGTTT 3’, where
the transgene and internal positive control produced 475bp and 200bp bands,
respectively. Routine PCR was performed (35 cycles of 94°C for 30sec, 51.7°C
for 60sec, and 72°C for 60sec) with an initial 3min hold at 94°C. Obtained PCR
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products were visualized in a 1.5% agarose gel containing 0.5ug/ml ethidium
bromide (Thermo Fisher Scientific, Pittsburgh, PA).
2.2.4 Wholemount immunofluorescence
AoVs were obtained and fixed in 4% paraformaldehyde (PFA) for 30-45
minutes at room temperature and washed in 1X PBS twice. Tissues were then
pigment bleached using 10% H2O2 overnight in PBS. Light microscope images
were taken before pigment bleach. Tissues were then washed and processed for
wholemount antibody staining. In brief, tissues were permeabilized in 1% Triton
X-100 in PBS for 45 minutes, blocked (10% goat serum, 0.3% Triton X-100,
1%BSA) for 2 hours at room temperature on a shaker followed by primary
antibody incubation at 4°C overnight on a shaker. The primary antibody was
diluted in a dilution buffer containing 1% goat serum, 0.3%TritonX-100, and 1%
BSA. Tissues were thoroughly washed for 2 hours with PBS at room
temperature, before secondary antibody staining for 1.5 hours. Lastly, tissues
were washed for 2 hours with PBS at room temperature and incubated in DAPI
for 1-2 minutes and mounted with a mounting medium. The AoV cusps were
positioned such that the aortic aspect faced upward as z-stack images were
obtained using an upright Olympus Confocal BX61 microscope. All z-stacks were
3D reconstructed, and fluorescence was quantified using NIH ImageJ. For
fluorescence quantification, a threshold was applied to all the images to remove
background noise. ‘Analyze particle’ toolbox was used to quantify selected
particles. This process was performed on all three channels and data associated
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with phenotypic markers were normalized by the total number of DAPI-positive
cells in the AoV leaflets.
2.2.5 Cryosection immunofluorescence
All AoV from WT, K5-Edn3, and Kitwv/wv were fixed in 4% PFA for 30-45
minutes at room temperature and subjected to serial sucrose incubation of 10%
and 20% overnight at 4°C. Tissues were then embedded in OCT and kept at 20°C. 10 µm thick cryosections were cut using a cryostat (CM3050S Leica) and
kept at -20°C until further staining steps. Before use, slides were thawed for 5
minutes and dried at 60°C for an hour. Pigment bleaching was performed by
incubating the slides in 10% H2O2 overnight in PBS. Sections were incubated in
blocking buffer (10% goat serum, 0.3% Triton X-100, 1%BSA) at room
temperature for 1 hour followed by primary antibody incubation at room
temperature for 1 hour or at 4°C overnight. The primary antibody was diluted in a
dilution buffer containing 1% goat serum, 0.3%TritonX-100, and 1% BSA.
Sections were thoroughly washed before incubating in secondary antibody for 1
hour at room temperature. Before sealing the slide with fluoroshield mounting
medium with DAPI, slides were thoroughly washed with PBS and were visualized
on an Olympus Confocal BX61 microscope.
2.2.6 RNAscope In situ hybridization
RNAscope (Advanced Cell Diagnostics, Newark, CA) combined with
immunofluorescence was used to assess Eln and tyrosinase (Tyr) mRNA with
αSMA immunofluorescence. In brief, wholemount tissue samples, or sectioned
slides were exposed to sequential ethanol dehydration, brief hydrogen peroxide
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treatment, target retrieval treatment leading to protease treatment, and probe
hybridization for 2.5 hours. Tissues were kept in 5X saline sodium citrate buffer
overnight until further processing. Probe amplification steps for Eln/Tyr HPR
channels were developed for each mRNA channel separately. Once the
RNAscope steps were completed tissues were fixed in 4% PFA for 15 minutes
before proceeding to routine immunofluorescence steps discussed above in the
wholemount immunofluorescence section.
2.2.7 Reverse transcription-quantitative polymerase chain reaction (RT-qPCR):
Total RNA was isolated using GeneJET RNA Purification Kit according to
the manufacturer’s protocol (Thermo Fisher Scientific, Pittsburgh, PA) and was
eluted in 15l nuclease-free water. Isolated RNA quantity and concentration were
verified using a NanoDrop 2000c spectrophotometer (Thermo Fisher Scientific,
Pittsburgh, PA). 50ng of total RNA was used for the reverse transcription using
the Maxima first-strand cDNA synthesis kit (Thermo Fisher Scientific, Pittsburgh,
PA). The cDNA was synthesized using the Oligo (dT) 15 primer according to the
manufacturer’s protocol (temperature cycles: 5mins 25C and 60mins for 42C
and 5mins for 85C). RT-qPCR was performed using a commercially available
Maxima SYBR Green/ROX qPCR Master Mix (Thermo Fisher Scientific,
Pittsburgh, PA). The primer sequences are as follows: GAPDH forward (5’
ATTTGCAGTGGCAAAGTGGAGATTG 3’) and reverse (3’
TGGTTCACACCCATCACAAACATG 5’); Eln forward (5’
GGCTTTGGACTTTCTCCCATT 3’) and reverse (3’ CCGGCCACAGGATTTCC
5’). Signals were detected using a Step-One Real-Time PCR System (Applied
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Biosystems, Grand Island, NY). In brief, the PCR tubes (Applied Biosystems)
were incubated at 95C for 10 minutes before initiating the cycle for Taq
polymerase activation. The cycling parameters were as follows: 95C for 15sec;
58C for 60sec. Finally, the change in cycle threshold (∆Ct) values were
averaged and normalized with GAPDH, an endogenous housekeeping gene. 2 ∆Ct

method was used to express relative gene expression for the various

embryonic time points.
2.2.8 Structural imaging
Alexa Fluor 633 (AF 633) hydrazide was used for elastic fiber staining as
previously described (Shen et al., 2012) (Clifford et al., 2011). 0.2 µM
concentration AF633 probe in PBS was used along with CNA-488 for collagen
fiber staining (kindly gifted by Chris Reutelingsperger from Maastricht University,
Netherlands) (Aper et al., 2014). Wholemount AoV tissue staining was carried for
45 minutes incubation at room temperature before 4% PFA fixation and pigment
bleaching in 10% H2O2 overnight. Tissues were then placed on a glass slide with
the three cusps of the AoV facing up and sealed with a coverslip. Z-stack images
were taken using an Olympus Confocal BX61 microscope. 3D reconstruction and
quantification were done with ImageJ using the 3D viewer plugin and ROI
Manager, respectively.
2.2.9 Statistical analysis
All quantitative data are given as mean ± standard error mean. ‘N’
indicates the number of biological replicates whereas ‘n’ indicates technical
replicates. Statistical packages in GraphPad Prism 6 were utilized for data
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normality and variance between the groups. Statistical differences were
determined using one-way ANOVA along with Tukey’s post hoc test with
significance considered as p<0.05.

2.3 Results
2.3.1 Elastin gene expression in wild type, hyperpigmented, and hypopigmented
mouse models
To assess Eln expression, mouse AoVs from WT, K5-Edn3 and Albino
were isolated from P0, P7 and 12-14 weeks old mice. At P0, there was a ~12-fold
increase in Eln expression in WT (N=7) as compared to K5-Edn3 (p<0.001, N=8)
and Albino (p<0.01, N=4) leaflets. At P7, Eln expression was higher in K5-Edn3
(p=0.25, 7.66-fold change, N=6) and Albino (p=0.90, 2.2-fold change, N=4) as
compared to WT leaflets (Figure 2.1). There was a significant (p=0.0005) delay in
the peak of Eln expression at P0 in the mutant leaflets when compared to WT
(Figure 2.1). In the adult stage Eln expression in the AoV leaflet was equally low
in all low in WT, K5-Edn3, Albino and Kitwv/wv.
2.3.2 Elastin and collagen fiber patterning in the aortic valve
AF633 and CNA488 were used to assess elastic and collagen fibers in
WT AoV, respectively. Fibers were assessed at P0, P7, and adult stages in
wholemount AoV leaflets. At P0 elastic fibers were circumferentially aligned with
collagen fibers, whereas at P7 elastic fibers appeared more radially aligned
(Figure 2.2A). This unique alignment was also observed in the three cusps of the
adult AoV (Figure 2.2C).
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K5-Edn3 transgenic mice were used to assess AoV ECM structure in a
hyperpigmented mouse model. In this model, Edn3 overexpression is under the
control of keratin 5 promoter, resulting in excess pigment production by
cutaneous and non-cutaneous melanocytes. Similar to WT, Eln and collagen
staining was performed on the K5-Edn3 AoVs. At P0, low amounts of elastic
fibers were detected alongside pigmentation in the AoV leaflet (Figure 2.3A). The
amount of elastic fibers and pigmentation were increased in P7 leaflets. In
adulthood, elastic fibers were misaligned in all the three cusps of the AoV (Figure
2.3B).
Albino and Kitwv/wv hypopigmented mice were assessed to further
understand the role of pigmentation in Eln patterning. In Albino AoVs the amount
of elastic fibers was the same in P0 and P7 (Figure 2.4A) and increased in adult
leaflets (p=0.0437) (Figure 2.4B). Compared to WT AoV, Kit wv/wv and Albino AoVs
had fewer elastic fibers (Figure 2.4C).
Quantitatively, at P0, there was no significant difference in elastic fiber
amounts between the three groups. Whereas, at P7, leaflets of WT (p=0.0005
N=3, n=6) and K5-Edn3 (p<0.0001 N=3, n=5) had significantly more elastic fibers
than Albino leaflets (N=5, n=13). Lastly, at the adult stage, Albino (N=3, n=8) and
Kitwv/wv (N=7, n=3) leaflets had fewer elastic fibers than WT (p=0.0026, N=4, n=9)
and K5-Edn3 (p<0.01, N=4, n=7) leaflets (Figure 2.5).
2.3.3 Relationship between VIC phenotypes and elastogenesis
To determine the cell type that produces Eln in the AoV, in situ
hybridization using RNAscope combined with immunolabeling was performed. P0
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AoVs were assessed as Eln peaks during this stage as shown in Figure 2.1.
Appendix I shows the control for the RNAscope. In tissues other than heart
valves, fibroblasts, and smooth muscle cells are generally responsible for
elastogenesis (Liu et al., 2014). I found that cells expressing the smooth muscle
marker αSMA produced Eln in the AoV at the P0 stage (Figure 2.6) as
demonstrated by the overlap between the RNAscope probe for Eln and αSMA
immuno-positive cells. However, not all αSMA positive cells expressed Eln. To
establish the spatial relationship between the smooth muscle-elastin producing
cells and melanocytes, I combined the Eln and melanocytic marker Tyr probes
with αSMA antibody. Surprisingly, I observed that a majority of the αSMA positive
cells that expressed Eln also expressed Tyr.
2.3.4 Multipotential characteristics of neural crest cells in aortic valve
Since a sub-population of VICs were found to co-express both Tyr and
αSMA, I wanted to establish if other cell types known to be NCC-derived were
also present in the AoV. As such, I performed wholemount immunofluorescence
with markers for neurons (neuronal-specific class III beta-tubulin (Tuj1)) and glia
(glial fibrillary acidic protein (GFAP)). In distinct VIC cell populations, αSMA
colocalized with Tuj1 as well as GFAP (Figure 2.7A, B). Furthermore, the
melanocytic marker Trp1 was co-expressed with Tuj1 and GFAP in distinct
subset of cells (Figure 2.7C, D). There was also a population of cells that
exhibited both Tuj1 and GFAP markers (Figure 2.7E). Appendix II shows the
control for the wholemount immunostaining.
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The presence of the cell differentiation markers was also assessed in the
K5-Edn3 mouse model. Similar to WT, positive staining for αSMA colocalized
with Tuj1 as well as GFAP (Figure 2.8A, B). Trp1 was also co-expressed with
Tuj1 and GFAP in two distinct populations (Figure 2.8 C, D). Additionally, a
population of cells co-expressed Tuj1 and GFAP (Figure 2.8E).
In Kitwv/wv mice, similar to WT and K5-Edn3, the αSMA positive cells
colocalized with Tuj1 and GFAP (Figure 2.9 A, B). Despite not having pigment,
the AoVs of Kitwv/wv mice contained Trp1 positive cells, which also expressed
Tuj1 and GFAP (Figure 2.9 C, D). Cells that co-expressed GFAP and Tuj1 were
also found in the Kitwv/wv AoV (Figure 2.9E).
To quantify the cells positive for each of the differentiation markers in the
AoV, cell count estimation was performed (Figure 2.10). WT AoVs had
significantly larger (p=0.015) number of αSMA positive cells (59±18%) as
compared to K5-Edn3 (37±23%). However, the number of αSMA positive cells in
the Kitwv/wv (41±24%) was not significantly different than WT or K5-Edn3.
Surprisingly, there was no significant difference (p=0.98) in the numbers of Trp1
positive cells in the K5-Edn3 (45±16%) and Kitwv/wv (48±33%) as compared to WT
(49±20%). Furthermore, there was also no significant difference (p=0.66) in the
number of Tuj1 positive cells among WT (48±23%), K5-Edn3 (41±10%), and
Kitwv/wv (51±24%). There was also no significant difference (p=0.59) among GFAP
positive cells in WT (42±21%), K5-Edn3 (36±13%), and Kitwv/wv (47±22%).
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2.3.5 Lineage tracing of elastin producing cells
Since I found that the Eln producing cells are aSMA and Tyr positive, I
speculated these cells were derived from the NC. To confirm the NC origin of the
Eln producing cells, I performed lineage tracing with Wnt1-Cre mice crossed with
ZsGreen reporter mouse. P0, P7, and adult mice were assessed by wholemount
imaging of the ZsGreen-labeled NCC-derived cells. I found that a substantial
number of Wnt1 positive cells persist from P0 to the adult AoV (Figure 2.11).
Further, In situ hybridization using RNAscope combined with immunolabeling
was performed in P0 AoV of the labeled Wnt1-Cre mice. The majority of cells
positive for Eln and αSMA were not ZsGreen positive, indicating that these cells
are likely not NC-derived (Figure 2.12). Only a very small number of ZsGreen
positive cells were also positive for Eln and αSMA. Similarly, the majority of cells
positive for Tyr did not appear to derive from a Wnt1 lineage (Figure 2.13). The
population of Wnt1-derived NCCs was spatially segregated from the Eln/Tyr
positive cells (Figure 2.13). These results suggest that most of the Eln producing
cells and the melanocytes in the AoV leaflets are derived from a precursor
population other than the NC.

2.4 Discussion
In this study, I established the timeline for elastin production and fiber
deposition in the murine AoV. The timing of Eln production in the murine AoV
corresponds to that reported for the human AoV. Elastogenesis peaks during the
neonatal period and decreases considerably during adulthood (Votteler et al.,
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2013). The fact that the Eln formation process occurs during the same time in
mice and humans indicates that our findings have translational relevance.
I found that elastic fibers begin to align circumferentially along with the
initial observations of pigmentation in the AoV. These elastic fibers transition to a
predominantly radial alignment by P7 in WT AoV. The orthogonal alignment of
elastic and collagen fibers remain until adulthood and mirrors the alignment
observed in human AoVs (Aikawa et al., 2006). In the hyperpigmented AoV of
K5-Edn3 mice, the appearance of elastic fibers is delayed for about a week and
they remain disorganized all the way into adulthood. The peak of Eln gene
expression in the hyperpigmented leaflets was also delayed when compared to
WT mice. I next utilized albino and Kitwv/wv hypopigmented mouse models to
understand elastic fiber patterning in the absence of pigment. I found that these
models are devoid of Eln in the AoV. These findings suggest a causal
relationship between pigmentation and the elastic fiber patterning in the mouse
AoV. Although pigmentation has not been observed in human adult AoVs, there
is a possibility that it is present in fetal stages. Preliminary data indicate that DCT
positive cells (data not shown) are present in the human AoV and other
pigmentation related markers (TRP1, MART1) have also been detected (Gottlieb
Sen et al., 2018). Thus, cells with pigment producing ability could be involved in
elastogenesis in the human AoV.
I chose to use the two different hypopigmentation models, Kit wv/wv and
Albino, to be able to determine if the pigment producing cells or the pigment itself
was required for proper Eln patterning in the AoV. Kit wv/wv mice are known to be
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devoid of melanocytes in skin and given that they do not have pigment in the
AoV, I assumed melanocytes would also be absent. However, I found Trp1 and
Tyr positive cells in the AoV of Kitwv/wv animals. Albino animals are known to have
melanocytes that are unable to produce pigment. Thus, the similarity of the Eln
phenotypes in Kitwv/wv and Albino animals suggest that it is the pigmentation that
directly impacts Eln production and patterning. Further studies should be carried
out to determine if the pigment itself or the process to make pigment is essential
for elastic fiber patterning.
NCCs’ contribution to the cardiac valves has been established but few
studies have analyzed the fate of these cells (Mjaatvedt et al., 2005) (Nakamura
et al., 2006). Only one study using a combination of lineage tracing and
immunostaining confirmed that NCCs give rise to neurons, glia and melanocytes
in the cardiac valve (Nakamura et al., 2006). This study showed that at E17.5
Trp1 positive cells were only found in the AV valve and not in the semilunar
valves. The transcriptomic analysis of single cells from P7 and P30 AoVs showed
a distinct subset of melanocytes along with other known populations such as
endothelial, immune and interstitial cells (Hulin et al., 2019) further substantiating
my findings that Trp1 and Tyr positive cells are present in the AoV. This study did
not report on Eln producing cells, most likely because of technical issues related
to the number of cells used for sequencing or because P7 may have already
been too late to allow for detection of Eln. Here I show that Eln producing cells
are positive for aSMA and Tyr. It is not surprising that they are positive for aSMA,
since cells expressing this marker have been previously reported to be
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responsible for elastogenesis in the lung (Liu et al., 2014). The most interesting
finding is that cells expressing a very specific melanocyte marker, Tyr, makes
Eln.
Previous studies reported NCCs mediated by Wnt1-Cre recombination
disappeared overtime by E17.5 (Jiang et al., 2000) (Poelmann et al., 2004).
Some of these studies were not performed on a pure background, which may
have affected recombination efficiency. The genetic background for all the
transgenic animals used in this study is identical (C57BL/J) to eliminate the
potential confounding variables. Studies carried out in the same background also
reported the persistence of NCCs beyond E17.5 (Nakamura et al., 2006)
(Gomez-Stallons et al., 2016). Using the Wnt1Cre/ZsGreen labeled mice I found
the persistence of NCC to adulthood. However, different from what Nakamura et
al reported for the Trp1 positive cells they labeled in the AV valves, I showed that
at least a sub population of Tyr positive cells were not labeled by ZsGreen
suggesting they are not derived from the NC. Not reported in this study, I also did
not find Trp1 positive cells in the AV labeled by ZsGreen. Additionally, the vast
majority of αSMA/Eln and Tyr/Eln positive cells were not labeled by Wnt1-derived
ZsGreen, indicating that the majority of Eln producing cells are not of neural crest
origin. The Eln producing cells could arise from endocardial or secondary heart
field progenitors. Lineage tracing experiments using the appropriate driven Cre
systems (i.e. Tie2, Nkx2.5) should be carried out to unravel the origin of these
important cells.
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2.5 Figures

Figure 2.1 Timeline of Eln expression in postnatal WT, K5-Edn3, Albino and
Kitwv/wv aortic valve. Mean ± SEM shown; **p<0.001, ***p<0.0001, N=5-9
biological replicate per stage.
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Figure 2.2 Elastin and collagen fiber progression in C57BL/6J aortic valve. (A)
Postnatal (P)0 and P7 wholemount elastin and collagen fiber staining on aortic
valve leaflet (B) Adult wholemount aortic valve leaflets staining for elastin and
collagen fibers on the three cusps. Leaflets in the inserts with light microscope
images correspond to the fluorescently labeled leaflets in the panel. LCC, left
coronary cusp; NCC, non-coronary cusp; RCC, right coronary cusp. MAG=10X.
N=3-4 biological replicate per stage.
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Figure 2.3 Elastin and collagen fiber progression in the K5-Edn3 aortic valve. (A)
Postnatal (P)0 and P7 wholemount elastin and collagen fiber staining on aortic
valve leaflet (B) Adult wholemount aortic valve leaflets staining for elastin and
collagen fibers on the three cusps. Leaflets in the inserts with light microscope
images correspond to the fluorescently labeled leaflets in the panel. LCC, left
coronary cusp; NCC, non-coronary cusp; RCC, right coronary cusp. MAG=10X.
N=3-4 biological replicate per stage
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Figure 2.4 Elastin and collagen fiber progression in hypopigmented (Albino and
Kitwvv/wv) aortic valve. (A) Postnatal (P)0 and P7 wholemount elastin and collagen
fiber staining on Albino aortic valve leaflets (B) Albino adult wholemount aortic
valve leaflets staining for elastin and collagen fibers on the three cusps (C)
Kitwv/wv adult wholemount aortic valve leaflets staining for elastin and collagen
fibers on the three cusps. Leaflets in the inserts with light microscope images
correspond to the fluorescently labeled leaflets in the panel. LCC, left coronary
cusp; NCC, non-coronary cusp; RCC, right coronary cusp. MAG=10X. N=3-4
biological replicate per stage.
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Figure 2.5 Summary of the quantification of elastin and collagen staining of WT,
K5-Edn3, Albino and Kitwv/wv of P0, P7 and adult aortic valve. (A) Elastin staining
quantification (C) Collagen staining quantification Mean ± SEM shown; *p<0.05,
**p<0.001, ***p=0.0005, ****p<0.0001. N=4-7 biological replicates.
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Figure 2.6 Aortic valve tyrosinase (Tyr) and alpha-smooth muscle actin (αSMA)
positive cells express elastin. (A) 3-D reconstruction of the P0 aortic valve
wholemount leaflet shows that Tyr positive cells that are αSMA positive express
Eln. The orthogonal views of XZ and YZ directions show the colocalization of Eln
and Tyr along with αSMA antibody staining. (B) P0 aortic valve section showing
the overlap of Eln and Tyr. Eln, Elastin; Tyr, Tyrosinase; αSMA, alpha-smooth
muscle cells. Scale bar = 10um. N=4 biological replicates.
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Figure 2.7 Multipotential characteristics of differentiated neural crest cells in the
C57BL/6J wholemount aortic valve. (A) αSMA colocalizes with Tuj1 (B) αSMA
colocalizes with GFAP (C) Trp1 overlaps with Tuj1 (D) Trp1 overlaps with GFAP
(E) GFAP colocalizes with Tuj1. Corresponding sectioned immunolabeling
images are on the right of each panel. αSMA, alpha-smooth muscle actin; F,
Fibrosa side; GFAP, Glial fibrillary acidic protein; Trp1, Tyrosinase-related related
protein 1; Tuj1, Neuron-specific class III beta-tubulin; V, Ventricularis side. Scale
bar = 10um. N=4-6 biological replicate.
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Figure 2.8 Multipotential characteristics of differentiated neural crest cells in
hyperpigmented, K5-Edn3, wholemount aortic valve. (A) αSMA colocalizes with
Tuj1 (B) αSMA colocalizes with GFAP (C) Trp1 overlaps with Tuj1 (D) Trp1
overlaps with GFAP (E) GFAP colocalizes with Tuj1. Corresponding sectioned
immunolabeling images are on the right of each panel. αSMA, alpha-smooth
muscle actin; F, Fibrosa side; GFAP, Glial fibrillary acidic protein; Trp1,
Tyrosinase-related related protein 1; Tuj1, Neuron-specific class III beta-tubulin;
V, Ventricularis side. Scale bar = 10um. N=4-7 biological replicate.

94

95

Figure 2.9 Multipotential characteristics of differentiated neural crest cells in
hypopigmented, Kitwv/wv, wholemount aortic valve. (A) αSMA colocalizes with
Tuj1 (B) αSMA colocalizes with GFAP (C) Trp1 overlaps with Tuj1 (D) Trp1
overlaps with GFAP (E) GFAP colocalizes with Tuj1. Corresponding sectioned
immunolabeling images are on the right of each panel. αSMA, alpha-smooth
muscle actin; F, Fibrosa side; GFAP, Glial fibrillary acidic protein; Trp1,
Tyrosinase-related related protein 1; Tuj1, Neuron-specific class III beta-tubulin;
V, Ventricularis side. Scale bar = 10um. N=4-6 biological replicate.
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Figure 2.10 Quantification of differentiated markers in the aortic valve of WT, K5Edn3 and Kitwv/wv (A) alpha-smooth muscle actin (αSMA) (B) Tyrosinase-related
related protein 1 (Trp1) (C) Neuron-specific class III beta-tubulin (Tuj1) and D)
Glial fibrillary acidic protein (GFAP). Mean ± SEM shown; *p<0.05, N=4-7
biological replicates.
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Figure 2.11 Wnt1Cre lineage tracing. (A) P0 (B) P7 (C) Adult wholemount aortic
valve leaflets. The light microscope images are the corresponding images of
each leaflet. LCC, left coronary cusp; NCC, non-coronary cusp; RCC, right
coronary cusp. P0 was taken at 60X magnification whereas P7 and adults were
taken at 10X magnification.

98

99

Figure 2.12 Aortic valve NCCs and elastin expressing cells are spatially
segregated. (A) 3-D reconstruction of the P0 Wnt1Cre/ZsGreen aortic valve
wholemount leaflet shows segregation of ZsGreen positive cells, and Eln and
αSMA-positive cells. The orthogonal views of XZ and YZ directions show few
positive cells that are positive for Eln, αSMA antibody, and ZsGreen. (B) P0
Wnt1Cre/ZsGreen aortic valve section showing a similar trend as the
wholemount. Eln, Elastin; αSMA, alpha-smooth muscle cells. Scale bar = 10um.
N=4 biological replicates.
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Figure 2.13 Aortic valve elastin and tyrosinase positive cells are spatially
segregated from NCC labeled cells (A) 3-D reconstruction of the P0
Wnt1Cre/ZsGreen aortic valve wholemount leaflet shows segregation of ZsGreen
positive cells, and Eln and Tyr positive cells. The orthogonal views of XZ and YZ
directions show few positive cells that are positive for Eln and Tyr and ZsGreen.
(B) P0 Wnt1Cre/ZsGreen aortic valve section showing a similar trend as the
wholemount. Eln, Elastin; αSMA, alpha-smooth muscle cells. Scale bar = 10um.
N=4 biological replicates.
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CHAPTER III
REGIONAL ELASTICITY AND STRUCTURAL CHARACTERIZATION OF MICE
WITH VARIED PIGMENTATION IN THE AORTIC VALVE
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3.1 Introduction
3.1.1 Micromechanical properties of the aortic valve
The aortic valve (AoV) has a heterogeneous extracellular matrix (ECM)
which is mainly composed of collagen and elastin. Previous analyses with
electron microscopy have shown unstructured ECM and increased cellularity in
the endocardial cushions and valve primordia when compared to mature valve
(Markwald et al., 1977) (Hinton et al., 2006). In the AoV, radially aligned elastic
fibers and circumferentially present collagen fibers dictate the AoV function
(Sacks & Yoganathan, 2007). Alteration in alignment and composition
compromise the AoV biomechanics, leading to potential pathophysiology.
Elastic fibers on the left ventricular aspect of the valve leaflets, confer
elasticity to the AoV, allowing extension when the valve opens and recoiling
when the valve closes. The unstructured proteoglycans in the spongiosa layer
absorb compressive forces and lubricate interactions between the highly
structured elastic fibers and fibrous collagen of the fibrosa layer. The fibrosa
layer with rich collagen fibers provides strength and stiffness to the AoV. This
side specificity and its biomechanical properties are critical in the native AoV
function. Several studies have focused on the micromechanical properties of the
AoV to better understand native tissue mechanics. A micropipette aspiration
technique to assess mouse AoV revealed regional specific biomechanical
properties of the collagen-rich annulus and proteoglycan-rich cusp in aged and
young mice (Krishnamurthy et al., 2011). Moreover, the tensile strength was
found to be higher in the annulus (~550-600kPa) when compared to that of the
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cusp region (~270-320kPa) (Liao et al., 2008) (Merryman et al., 2006). AoVs
from 17 months old wild type (WT) mice showed significantly increased stiffness
when compared to AoVs from 2 months old mice using a novel AFM imaging
technique on cryosectioned tissues (Sewell-Loftin et al., 2012). Balani and
Carneiro et al. previously showed that pigmented regions within mouse
atrioventricular valves are significantly stiffer than non-pigmented regions (Balani
et al., 2009) (Carneiro et al., 2015). This chapter will build upon these previous
works to study the micromechanical properties of hyperpigmented,
hypopigmented, and WT AoV leaflets using atomic force microscopy (AFM). This
chapter will also discuss the associated elastin and collagen fiber patterning to
correlate the stiffness measurements with localized ECM components.
3.1.2 Atomic Force Microscopy
3.1.2.1 Background:
The AFM was first developed as a modification of the scanning tunneling
microscope to better assess the atomic levels of conductors and insulator
surfaces (Binnig et al., 1986). From there onwards, its capabilities were
expanded to numerous applications, including analysis of biological samples.
AFM has emerged as a useful tool to assess the elastic properties of biological
samples from cells to living tissues. Measuring the mechanical properties of
normal and disease tissues addresses the pressing questions of required
understanding of tissue mechanics. The atomic force microscope utilizes a sharp
cantilever tip (micron to nanoscale) and measures the atomic forces (up to 10 -18
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N) created by interactions between the tip and the sample. AFM is often also
utilized for surface topography of cells and tissues.
Based on the nanoindentation principle, the cantilever tip is lowered at a
set rate onto the sample, using a piezoelectric actuator. Upon contact with the
sample, the cantilever undergoes a certain degree of deflection/bending
depending on the compliance of the sample (Overney et al., 1992). The harder
the sample, the more the cantilever tip will deflect under a given force. This
deflection is coupled with the amount of sample indentation measured from a set
vertical displacement of the piezoelectric actuator. Thus, unlike the tip deflection,
the tip indentation is inversely proportional to the sample’s compliance. The
deflection and indentation can be translated into force-indentation curves
(Chyasnavichyus et al., 2014) to assess the elastic properties by fitting
constitutive relationships that explain sample deformation.
Uniquely, AFM’s capability to assess testing in aqueous solutions are not
only reflective of the tissue in vivo but also addresses the importance of tissue
hydration as well as sample integrity. This physiological implementation has been
of particular interest in the assessment of the accurate elasticity measurements
of biological samples.
3.1.2.2 Elasticity assessment models
Various indentation-based contact mode models have been established
depending on the geometry of the cantilever tip, for both biological and nonbiological samples. As mentioned above, elasticity is measured by utilizing the
relationship between sample deformation and the force applied, while accounting
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for the geometry of the cantilever tip. The most common nanoindenter cantilever
tips are spherical, conical, and pyramidal. The relevant geometry-based models
are described below:
A. Spherical Indenter – (Hertz Model)
The Hertz model is one of the most commonly used models for biological
samples. This model provides a constitutive relationship between the exerted
force and resultant indentation to obtain stiffness/elastic Young’s modulus. The
equation is as follows (Johnson, 1982):
𝐹=

4𝑌𝐸 𝑅0.5 1.5
𝛿
3(1 − 𝑣 2 )

Where F [unit: N] is the applied force, YE [unit: N/m2 or Pascal] is Young’s
elastic modulus of the sample, R [unit: m] is the radius of the nanoindenter, 𝑣
[unitless] is the tissue Poisson’s ratio and lastly, 𝛿 [unit: m] is the indentation. The
Hertz model makes several assumptions: the sample is isotropic, homogenous,
and linearly elastic; the sample is infinitely thick; the sample and the indenter are
both frictionless. Further, it is assumed that the nanoindenter is not deformable
and that the nanoindenter and samples have no additional interactions.
B. Conical Indenter – (Sneddon Model)
The Sneddon model describes the contact between a sample and a rigid
axisymmetric indenter by assessing the indentation penetration into the sample
and the load exerted on the sample. Thus, this model is commonly used for a
conical cantilever and an elastic sample. The relationship between the force and
indentation can be described by the following model equation (Sneddon, 1948):
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𝐹=

2𝑌𝐸 tanα 2
𝛿
𝜋 (1 − 𝑣 2 )

Where F [unit: N] is the applied force, YE [unit: N/m2 or Pascal] is Young’s
elastic modulus of the sample, 𝑣 [unitless] is the tissue Poisson’s ratio, 𝛿 [unit: m]
is the indentation and α [degrees] is the cone semi-vertical angle. The Sneddon
model makes the following assumptions: the sample is isotropic, homogenous,
linearly elastic, and infinitely thick; the nanoindenter has an ideal tip geometry
with known parameters. Both samples and the indenter are frictionless, leading
to ignoring the adhesion properties; lastly, the radius of the tip curvature is
smaller than the sample indentation for the Sneddon model to be applied.
C. Pyramidal Indenter – (Bilodeau Model)
The Bilodeau model for a 4-sided pyramid-shaped nanoindenter with the
relationship between the force and the indentation is described by the following
equation (Bilodeau 1992):
F=

𝑌𝐸 tanα
√2(1 − 𝑣 2 )

δ2

Where F [unit: N] is the applied force, YE [unit: N/m2 or Pascal] is Young’s
elastic modulus of the sample, 𝑣 [unitless] is the tissue Poisson’s ratio, δ [unit: m]
is the indentation and α [unit: degrees] is the face angle of the four-sided
pyramid. Like other models described above, the Bilodeau model is valid under
the assumption that the sample is isotropic, homogenous, linearly elastic, and
infinitely thick. The nanoindenter is an asymmetric pyramid geometry with known
parameters. The geometry is based on the lateral faces being isosceles triangles
of equal length and base being a 4-sided polygon (Weber et al., 2019).
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3.1.2.3 Selection of the optimal working conditions
AFM experiments require a defined protocol before the assessment of
stiffness/elasticity and the geometry of the cantilever to the surface location of
the sample. Also, the probing frequency or the indenting force/depth is a critical
parameter to optimize. Below, protocols for appropriate experimental design will
be discussed.
A. Cantilever tip shape and stiffness:
The appropriate choice of the cantilever tip for mechanical measurements
was debated when the primary protocols were first published (Radmacher et al.,
1996). The initial consensus was to utilize pyramidal or sharp probes for cellular
imaging while colloidal probes (preferably larger radius ~10µm) for stiffer
samples (Dimitriadis et al., 2002). Studies have shown reliable and reproducible
cell stiffness data using “sharper” cantilever tips. The key advantage of using the
sharp tip is the simultaneous acquisition of surface topography along with local
elastic properties. These probes have also shown to cause no sample
deterioration when used to measure single-cell mechanics (Thomas et al., 2013).
Colloidal probes have been of interest for mechanobiology studies that
have aimed to assess the collective mechanical properties to whole-cell stimuli,
which mimics the mechanical stimuli that cells experience in their native
environment. The colloidal probes are favored because of the associated wellestablished contact mechanics model (Kain et al., 2018) (Yang et al., 2007)
(Sneddon, 1948). These models account for long-range contact attraction
between the sample and the probe. Measurements of tissue samples over large
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areas often employ colloidal probes with ~1µm diameter. It is also worth
mentioning that flat indenters are desirable to simply estimate the adhesion
forces per surface area (Acerbi et al., 2012). Tip-less cantilevers have been
particularly used when probing cells in suspension or isolated nuclei (CartagenaRivera et al., 2016).
To critically assess mechanical properties, the applied force measurement
must display large cantilever deformation along with the degree of sample
indentation. This can easily be achieved by using cantilever stiffness similar to
that of the probed sample. Cantilever stiffnesses between 0.01 and 0.6 N/m have
typically been used for cell studies (Gavara, 2017). One of the reasons to use a
stiffer cantilever is its ability to produce higher resonance frequency (~300kHz),
which provides faster scan rates. Faster scans reduce the chances of sample
damage. The resonance frequency should be higher than the probe frequency to
obtain an optimal viscoelastic response from the sample and cantilever contact.
Additionally, in AFM experiments, the biological sample adhesiveness is critical.
Utilizing a stiffer cantilever is ideal because, if the cantilever does not detach
from the sample at the end of the ramp cycle, large negative deflections will
influence the model fit in the offline analysis.
B. Probing depth, frequency and sample location
It is critical to establish an optimal range of operating parameters to best
assess the mechanical properties of the probed sample. Cells or tissues are
heterogeneous structures with complex mechanical properties. Decisions of
indentation should be based on the structure of interest and desired properties to
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be measured. For example, studies based on high-resolution mechanical
topography based on the tapping mode of adherent cells use larger indentation.
In an offline analysis, detailed dissection of the stiffness properties from different
intracellular structures can be assessed based on the contact depth vs force
curve measurements (Gavara, 2017).

3.2 Materials and Method
3.2.1 Animals
All mice were housed in the Florida International University’s Animal Care
Facility. The animal protocol for this study was approved by the Institutional
Animal Care and Use Committee (IACUC). IACUC regulations were followed
throughout the study. C57BL/6J wild type mice (WT for simplicity; Stock number
000664) and C57BL/6J-KitW-v/J mice (Kitwv/wv for simplicity; Stock number:
000049) were purchased from Jackson Laboratory (BarHabor, ME). Lastly, K5tTA; TRE-Edn3-lacZ (K5-Edn3 for simplicity) were generated in our laboratory
(Garcia et al., 2008). Ten to twelve-week-old mice (strains: WT, K5-Edn3,
Kitwv/wv) (N=5-6) were utilized for the mechanical assessment of the AoV leaflets.
3.2.2 Genotyping
Genomic DNA was isolated from tail biopsies from K5-Edn3 mice.
Genotyping was performed using the primers 5’ CCAGGTGGAGTCACAGGATT
3’, 5’ ACAGAGACTGTGGACCACCC 3’, for the recognition of the K5-tTA gene
and, 5’ GGCCTGTGCACACTTCTGT 3’, 5’ TCCTTGTGAAACTGGAGCCT 3’ for
the TRE-Edn3-LacZ transgene. Routine PCR conditions were used (45 cycles of
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94C for 30sec, 60C for 60sec, and 72C for 60sec) with an initial 3mins hold at
94C. PCR product was then visualized in 1.5% agarose gel containing 0.5µg/ml
ethidium bromide (Thermo Fisher Scientific, Pittsburgh, PA). The K5-tTA
produced a 244bp product, whereas the TRE-Edn3-LacZ produced a 463bp
band. WT and Kitwv/wv were phenotypically identified and did not require a
genotype assessment.
3.2.3 Mouse aortic valve isolation and setup
Ten to twelve-week-old mice (strains: WT, K5-Edn3, Kitwv/wv) (N=5-6) were
euthanized and the hearts were immediately washed in cold PBS. Within 5mins,
AoV leaflets were isolated and placed on a coverslip in a 60mm petri dish.
Coverslips were glued to the petri dish to avoid any microlevel movement of the
coverslip. All measurements were taken within 30-45 minutes of leaflet isolation.
Leaflets were kept in cold PBS throughout the process of assessing force-curve
measurements. Following the AFM measurements, all samples were fixed in 4%
paraformaldehyde (PFA) for 5-10mins.
3.2.4 AFM set up
An XE-Bio system (Park systems, Santa Clara, CA, USA) was used for all
AFM measurements. AoV leaflet force curves were obtained by scanning
20x20µm areas with a 0.1µm/s scanning rate and peak force range 0.4-2.4nN.
Pre-calibrated 1µm diameter silicon nitride gold-coated tips were used because
of their long-range contact attraction and gold-coated tips are highly stable upon
immersion in liquid (Novascan Technologies, Ames IA, USA). The known spring
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constant of the tip was 0.1 N/m. Each targeted point was measured three to five
times to ensure the accuracy of the measurement.
3.2.5 Data analysis
The sample elastic Young’s modulus (YE) was calculated using the
following Hertz model equation:
𝐹=

4𝑌𝐸 𝑅0.5 1.5
𝛿
3(1 − 𝑣 2 )

Where; 𝑣 is the Poisson’s ratio which was set to be 0.5, and R of 0.5µm is
the radius of the tip. Sample indenting force (F) and deformation (𝛿) were
calculated as follows:
𝐹 = 𝑘(𝑑 − 𝑑0 )
𝛿 = (𝑧 − 𝑧0 ) − (𝑑 − 𝑑0 )
A custom MATLAB script fits the measured curves to obtain the YE values
for each region.
3.2.6 Structural Imaging
Once force curves were obtained, AoV leaflets were fixed in 4% PFA for
5-10mins and used for structural imaging as described in Chapter 2. In brief,
Alexa Fluor (AF633) and CNA488 were used for elastin and collagen staining,
respectively. Tissues were fixed and pigment bleached in 10% H 2O2 overnight
and stained for 45mins at room temperature. Light microscope images were
taken before and after pigment bleaching. Tissues were then sealed with a
coverslip using the fluoroshield mounting medium (Fisher Scientific, Pittsburgh,
PA). Confocal imaging using 60X objective magnification was performed at
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regions where stiffness was measured. Figure 3.1 depicts the workflow of
mechanical property measurements and regional structural imaging of the
wholemount AoV leaflets.
3.2.7 Quantification of structural imaging
Z-stack images were utilized for image processing. Z-project plugin in NIH
ImageJ was used to compile the z-stacks, and the ROI manager plugin was used
to quantify the fluorescence signals from each stack. CytoSpecte, an automated
toolbox for spectral analysis of structural orientation quantification was utilized
under the MATLAB interface (Kartasalo et al., 2015).
3.2.8 Statistical analysis
All quantitative data are given as mean ± standard error mean, each color
point within the strain represents a biological replicate. Moreover, each color
point represents the mean of a technical replicate of n=3-4. ‘N’ indicates the
number of biological replicates within each strain and ‘n’ indicates the technical
replicate. Statistical packages in GraphPad Prism 6 were utilized to assess data
normality and variance between the groups (GraphPad Prism6 Software, LaJolla,
CA). Statistical differences were determined using either the Student’s t-test or
one-way analysis of variance (ANOVA) along with Tukey’s post hoc HSD test
with significance considered as p<0.05. All the shown percent differences were
calculated by normalizing with the mentioned comparison.
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3.3 Results
3.3.1 Regional differences in elasticity of the aortic valve leaflet in mice with
different levels of pigment
Similar to previously published observations, the overall AoV leaflet of the
hyperpigmented mice, K5-Edn3, showed 30.9 ± 34.6% increase (p=0.0004) in
stiffness compared to WT, whereas Kitwv/wv was found to have significantly
reduced (p=0.004) overall stiffness of 28.6% ± 25.4% in the AoV leaflet (Figure
3.2). Additionally, compared to K5-Edn3, the hypopigmented Kitwv/wv AoV leaflets
were found to have significantly reduced (45% ± 44.6%, p<0.0001) stiffness. No
significant differences (p>0.05) between different regions within WT AoV leaflets
were observed (Figure 3.3A). K5-Edn3 AoV leaflets showed a significantly higher
stiffness in the base (6.59±0.67kPa) as compared to the tip (22.6 ± 132%,
5.11±1.57kPa, p=0.0018), belly (45 ± 14%, 3.63±0.58kPa, p=0.0047), and
commissure (41.7 ± 32.7%, 3.84±0.45kPa, p=0.0041) regions (Figure 3.3B).
Lastly, Kitwv/wv AoV leaflets showed higher stiffness at the tip (3.67±0.58kPa)
compared to the belly (50.1 ± 50.8%, 1.83±0.58kPa, p=0.005), base (35.4
± 1.0%, 2.37±0.58kPa, p=0.0005) and commissure (43.2 ± 47.3%,
2.08±0.3kPa, p=0.0213) regions (Figure 3.3C).
3.3.2 Overall and regional elastin and collagen fiber deposition in mice with
different levels of pigmentation in the AoV
The regional distribution of collagen and elastic fibers in the AoV leaflets
demonstrates that in comparison to the WT (Figure 3.4), the elastic fiber pattern
in the K5-Edn3 AoV leaflet is disrupted (Figure 3.5), revealing a 38 ± 34.3%
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reduction (p=0.00132) in overall elastic fibers (Figure 3.7C). Kitwv/wv had
significantly (p <0.0001) reduced (73.2 ± 6.57%) overall elastic fibers compared
to WT, as well as significantly (p=0.0162) reduced levels (56.131 ± 42.2%)
compared to K5-Edn3 (Figure 3.7). Overall, K5-Edn3 AoVs leaflets also exhibited
significantly (p <0.001) reduced collagen fibers compared to WT (59.8 ± 12.6%,
p=0.0054) and Kitwv/wv (124.8 ± 148%, p<0.0001). There was no statistically
significant difference (p=0.1068) between WT and Kitwv/wv in overall collagen
fibers.
No significant differences were found regionally among WT and K5-Edn3
elastic and collagen fiber staining. Significantly less (p<0.05) elastic fibers were
observed in the tip and belly regions of Kitwv/wv AoV leaflets when compared to
those found at the base and commissure regions (Figure 3.6). Lastly, there was
no significant difference in the regional collagen fiber distribution.
3.3.3 Collagen and elastic fiber alignment at the regional levels of the aortic valve
To further evaluate the regional alignment of collagen and elastic fibers,
spectral analysis was done using the Cytospectre toolbox in MATLAB (Kartasalo
et al., 2015). The regional structural alignment of the WT AoV leaflets was found
to be heterogeneous among tip, base, belly, and commissure regions. Both
elastin and collagen in the tip of the AoV leaflet were found to be significantly
different (p<0.0001) in alignment as compared to commissure and belly, whereas
there were no significant (p=0.973) differences in alignment when compared to
base. The base and belly regions also had statistically significant differences
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(p<0.0001) as compared to the commissure region in the WT AoV leaflet (Figure
3.8A, D).
The alignment of elastic fibers in the tip of the K5-Edn3 AoV leaflet was
significantly (p<0.0001) different when compared to the belly region (Figure
3.8B), whereas no significant differences (p=0.26) were found in the base and
commissure regions. Additionally, elastic fibers in the belly and base regions of
K5-Edn3 were significantly different (p<0.0001) than in the commissure region
(Figure 3.8B). The collagen fiber alignment in the hyperpigmented AoV leaflet tip
was significantly different (p=0.0178) compared to the base, but not different
(p=0.916) than the belly and commissure regions. Moreover, the belly and base
regional alignment were significantly different (p<0.002) compared to the
commissure, whereas there was no statistical difference (p=0.99) between base
and belly (Figure 3.8E).
Elastic fiber alignment in the Kitwv/wv AoV leaflet was not different (p=0.99)
in the belly and base regions compared to tip, whereas the tip, base, and belly
regions were found to be significantly different when compared to the
commissure region (p<0.05). Additionally, the belly region was not different
(p=0.99) when compared to the base region (Figure 3.8C). Lastly, the collagen in
the tip region of the Kitwv/wv was not different (p=0.097) compared to belly and
base, but significantly different (p<0.0001) than the commissure. The belly and
base regions were also significantly different (p<0.001) than the commissure.
Lastly, no significant (p=0.063) difference was observed between the belly and
base regions (Figure 3.8F).
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3.4 Discussion
The AoV microstructure confers the appropriate biomechanical properties
for valvular function. In the current study, regional biomechanical properties were
examined in mice with more or less pigmentation in the AoV leaflets in
comparison to WT. Two previous studies using nanoindentation showed that
pigmented regions of valve leaflets are stiffer than non-pigmented regions,
suggesting that pigment affects valve biomechanics (Balani et al., 2009)
(Carneiro et al., 2015). An AFM study comparing melanoma cells with varying
levels of pigment concluded that melanin inside the cells significantly affects
cellular mechanical properties (Sarna et al., 2013). Melanocytes were initially
thought to not be a direct contributor to AoV ECM regulation. Carneiro et al
evaluated the expression of collagen and versican in the atrioventricular valves
with different amount of pigmentation and were not able to find any changes
(Carneiro et al., 2015). They suggested that pigmentation may affect other
components of the ECM. The present results show that hypopigmented valves
have reduced amounts of elastic fibers in AoV leaflets, specifically at the tip and
belly regions. The results also showed that hyperpigmentation also leads to
disruption in elastic fiber patterning. The presented results suggest that
pigmentation directly affects the biomechanical properties of the AoV and plays a
critical role in proper ECM deposition and alignment, specifically elastic fibers.
These observations are critical as elastic abnormalities result in congenital AoV
defects and elastic degradation initiates AoV diseases (Sherratt, 2009) (Krettek
et al., 2003)(Debelle & Tamburro, 1999). In summary, this study has found a
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novel role of pigment in proper ECM deposition and biomechanics of the AoV.
This work will serve as a foundation for future studies into the importance of
melanocytes in AoV development and biomechanics.

3.5 Limitations
The AoV leaflets are heterogeneous, which presents challenges in
determining the proper location for AFM scanning. AFM quantifies stiffness with
micron resolution; therefore, small differences in the chosen region of interest
could yield different results. Despite challenges with assessing small regions of
interest for micromechanical testing, this is the first study to compare localized
stiffness with corresponding ECM fiber alignment in the murine AoV.
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3.6 Figures

Figure 3.1 Schematic of the assessment of the regional mechanical properties
and elastin/collagen structural measurements in mouse wholemount aortic valve
leaflets.
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Figure 3.2 Total elasticity in aortic valve leaflets from WT, K5-Edn3
(hyperpigmented), Kitwv/wv (hypopigmented) mouse models. Mean±SEM shown;
****p<0.0001, ***p<00005, **p<0.001; N=5-6 biological replicates per condition
(each color represents a biological replicate); each point represents an average
of technical replicates of n=3-4.
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Figure 3.3 Regional measurements of elasticity in aortic valve leaflets from (A)
WT, (B) K5-Edn3 (hyperpigmented), (C) Kitwv/wv (hypopigmented) mouse models.
Mean±SEM shown, ***p<0.001, **p<0.001, *p<0.01; N=5-6 biological replicates
per condition (each color represents a biological replicate); each point represents
an average of technical replicates of n=3-4.
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Figure 3.4 WT (C57BL/6J) elastin and collagen in regional structural distribution
in the aortic valve leaflet. (A) light microscope of wholemount AoV leaflet (B)
Elastin and collagen fibers in the tip, belly, base and commissure region of the
wholemount WT AoV. Blue scale bar = 100µm and white scale bar = 10µm.
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Figure 3.5 K5-Edn3 (hyperpigmented) elastin and collagen regional structural
distribution in the aortic valve leaflet. (A) light microscope of wholemount AoV
leaflet (B) Elastin and collagen fibers in the tip, belly, base and commissure
region of the wholemount K5-Edn3 AoV. Blue scale bar = 100µm and white scale
bar = 10µm
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Figure 3.6 Kitwv/wv elastin and collagen regional structural distribution in the aortic
valve leaflet. (A) light microscope of wholemount AoV leaflet (B) Elastin and
collagen fibers in the tip, belly, base and commissure region of the wholemount
Kitwv/wv AoV. Blue scale bar = 100µm and white scale bar = 10µm.
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Figure 3.7 Fluorescence quantification of structural imaging from WT, K5-Edn3
(hyperpigmented), Kitwv/wv (hypopigmented) aortic valve leaflets. (A) regional
elastin fluorescence (B) regional collagen fluorescence (C) total elastin
fluorescence (D) total collagen fluorescence. Mean±SEM shown. ****p<0.0001,
**p<0.001, *p<0.01 N=5-6 biological replicates per condition.
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Figure 3.8 Angle quantification of elastin and collagen structural imaging from
(A,D) WT, (B,E) K5-Edn3 (hyperpigmented), (C,F) Kitwv/wv (hypopigmented) aortic
valve leaflets. Mean±SEM shown. ****p<0.0001, **p<0.001, *p<0.01.
Quantification was done on all z-stacks in their respective images.
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CHAPTER IV
FUNCTIONAL CHARACTERIZATION OF MICE WITH VARIED
PIGMENTATION IN THE AORTIC VALVE
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4.1 Introduction
Cellular contribution at the early stages of valve development plays a very
critical role in the proper secretion of extracellular matrix (ECM) protein required
for the proper functioning. The developmental contribution of ECM to valve
maturation remains poorly understood, specifically the impairment during
development and its causal effects on the proper functioning of the mature valve.
There have been few studies that have looked at critical molecular signatures
needed for the normal development of the valve maturation (Odelin et al., 2017)
(Olaopa et al., 2011) (Peterson et al., 2018). There have been no correlative
studies that have focused on the alteration in collagen and or other ECM
components that have led to changes in some aspect of cardiac function
measured by echocardiography. Studies have been done to show ECM alteration
leading to diseases by histopathology and immunohistochemistry (Latif et al.,
2005) (Hinton et al., 2006) (Otto et al., 1994). This chapter will leverage on
understanding how varied pigmentation in the aortic valve (AoV) affects the
overall cardiac functional changes using echocardiography.
4.1.1 Early development of echocardiography
Inge Edler, the father of echocardiography, had a tremendous influence on
the diagnostics imaging field. He was inspired by the military experience of
RADAR in WWII to generate frequencies high enough for use in short distances
to visualize internal organs of the human body (Singh & Goyal, 2007). The first
echoes recorded via M-mode were from the posterior wall of the left ventricle and
the anterior wall of the left atrium. These initial recordings were published in 1954
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in the Journal of Royal Physiology Society in Lund. In 1952, echocardiography
was first introduced to the United States to examine excised hearts to
demonstrate the capability of M-mode modality. In 1970, the first commercially
available 2-dimensional (2D) echocardiogram was introduced and in 1973, 2D
Doppler imaging enabled flow signals from specific locations within the heart to
be scanned. Another breakthrough occurred in 1979 when the modified Bernoulli
equation was first used to assess the pressure gradient across stenotic valves
(Holen & Simonsen, 1979).
In this brief review, the methods used to assess global and regional heart
function by echocardiographic techniques will be discussed.
4.1.2 B-mode imaging
B-mode is a standard black and white image of a real-time targeted side,
where each white dot is the result of the amplitude from the ultrasound wave
signal (Syed et al., 2005). It displays a 2D view of the anatomical structure of the
heart or vasculature, allowing qualitative assessment of a cardiac phenotype,
chambers (Figure 4.1A), and structures such as heart valves, chordae, and
papillary muscles. With advanced image processing abilities, short and long axis
B-mode images (Figure 4.1B) can be traced to localize cardiac structures. Bmode generally serves as a platform to guide the imaging location for other
imaging modalities such as M-mode or color Doppler imaging.
4.1.3 M-mode imaging
M-mode, also known as time-motion mode, provides high temporal
resolution (1,000 frames/second) compared to standard 2D B-mode imaging and
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remains an optimal technique to measure cardiac anatomy in precise linearity. Mmode images are collected by a rapid sequencing of B-mode scans over time.
These images can track left ventricular (LV) wall motion, allowing the wall
contractility assessment (Figure 4.2). Tracing along the epicardial wall and
endocardial borders with image processing software allow measurement of
global LV function parameters, including the ejection fraction (EF), fractional
shortening (FS), cardiac output, stroke volume (SV), LV mass, and LV regional
diameters during systolic and diastolic phase (Ram et al., 2011). M-mode images
can be taken from both the long axis and/or short axis. The long-axis view is the
plane from the superior to the inferior of the heart (Figure 4.1) whereas the shortaxis view is from the medial to the lateral view of the heart anatomy. Figure 4.2
illustrates the M-mode view of the LV from a short-axis view.
4.1.4 Doppler imaging
Doppler imaging uses the Doppler shift principle, which was first described
by an Austrian physicist, Christian Doppler in 1842. Velocity and direction are
determined by the reflection of moving targets such as blood cells. An increase in
blood velocity is correlated with a rapid increase in the Doppler shift. The Doppler
shift is affected by the alignment of the ultrasound source and the blood flow;
parallelity in the ultrasound wave causes less attenuation in the Doppler shift
signal (Ram et al., 2011). In pulsed-wave Doppler (PW-D), the blood flow velocity
is determined using 2D image guidance when the transducer transmits and
receives the sound waves. Through PW-D modality, the transvalvular flow
velocity can be obtained to assess peak velocities, ejection time (ET), and
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intervals in the velocity. Of clinical interest, transmitral flow profiles have been
ideal in the assessment of diastolic function, which includes isovolumic relaxation
or contraction times, and the ratio of early to late ventricular filling velocities
(E/A). In a mouse rapid heart rate (HR), partial or complete E and A fusion waves
can be assessed, which can be an indicator for diastolic dysfunction in mutant
mice in comparison to control mice. Diastolic dysfunction is an abnormality in
ATP-dependent tissue relaxation, where there is a slow or incomplete
mechanism of tissue relaxation, impaired LV filling rates, altered myocardial
stiffness, or pericardial constriction causing mechanical limitation to LV filling
(Morrissey, 2016).
In color Doppler imaging modality, blood flowing away from the transducer
with a decrease in frequency is labeled with a blue color, whereas blood flowing
towards the transducer with an increased echo frequency is identified by the
color red. Blood flowing horizontally to the transducer is not detected; therefore,
proper alignment of the transducer is critical to assess the flow directionality
(Figure 4.3).
Furthermore, Doppler tissue imaging (DTI) is another Doppler based
measurement to assess the myocardial performance index (MPI) in combination
with global and regional cardiac function. DTI depends on a shift in the frequency
of the ultrasound signals as a reflection of the moving object. DTI is typically
used to measure the Doppler frequency shift of the moving myocardium as it can
detect low velocities (<20 cm/sec) at a very high amplitude (>40 dB) (Hill &
Palma, 2005). It is worth mentioning the limitations of DTI as it measures
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absolute tissue velocity and is unable to discriminate between the passive to
active motion (Ho & Solomon, 2006). Due to this critical limitation, DTI can be
performed along with PW-D and color modes. It is important to note that MPI is
less influenced in clinical relevance rather than the routine EF and FS.
Doppler imaging has been employed as a common technique in
cardiovascular research due to advancements that have led to improved
temporal and spatial resolution. It is valuable to understand developmental and
pathophysiological changes due to genetic modification, aging, or drug treatment
in the course of cardiovascular disease.
This chapter summarizes the findings from small animal echocardiography
of mice with different levels of pigmentation in their skin color coat and AoV, as
extensively mentioned in Chapter 2. We have utilized echocardiography in
general and Doppler based techniques in particular to measure changes in
cardiac function in genetically modified mice with altered AoV structure.

4.2 Materials and Method
4.2.1. Animals
All mice were housed at Florida International University’s Animal Care
Facility. The animal protocol for this study was approved by the Institutional
Animal Care and Use Committee (IACUC). IACUC regulations were followed
throughout the course study. C57BL/6J wild type mice (WT for simplicity; Stock
number 000664) and C57BL/6J-KitW-v/J mice (Kitwv/wv for simplicity; Stock
number: 000049) were purchased from Jackson Laboratory (Bar Harbor, ME).
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Only spontaneous mutant Kitwv/wv were utilized for this study. K5-tTA; TRE-Edn3lacZ (K5-Edn3 for simplicity) were generated in our laboratory (Garcia et al.,
2008). On the day of imaging, ten to twelve-week-old mice from these three
strains (N=7 per strain) were transferred first to the Division of Veterinary
Resources at the University of Miami and then to the Sylvester Comprehensive
Cancer Center at the University of Miami. All imaging was performed using a
Vevo 3100 (FUJIFILM Visual Sonics, Toronto Canada) imaging system.
4.2.2. Genotyping
Genomic DNA was isolated from tail biopsies from K5-Edn3 mice.
Genotyping was performed using the primers 5’ CCAGGTGGAGTCACAGGATT
3’, 5’ ACAGAGACTGTGGACCACCC 3’, for the recognition of the K5-tTA gene
and, 5’ GGCCTGTGCACACTTCTGT 3’, 5’ TCCTTGTGAAACTGGAGCCT 3’ for
the TRE-Edn3-LacZ transgene. Routine PCR conditions were used (45 cycles of
94C for 30sec, 60C for 60sec, and 72C for 60sec) with an initial 3min hold at
94C. PCR product was then visualized in 1.5% agarose gel containing 0.5µg/ml
ethidium bromide (Thermo Fisher Scientific, Pittsburgh, PA). The K5-tTA
produced a 244bp product whereas the TRE-Edn3-LacZ produced a 463pb
band. WT and Kitwv/wv mice were phenotypically identified and did not require a
genotype assessment.
4.2.3. Animal preparation and imaging setup
Prior to image acquisition, mouse chest hair was removed by applying hair
removal cream. Each animal was shaved immediately before the image
acquisition and placed under anesthesia to prevent mouse anxiety. For
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consistency and comparability, all imaging conditions were controlled between
animals. Mouse body temperature was monitored and maintained between 3537°C during the entirety of the protocol. Since the cardiac function is closely
related to HR, the HR was controlled at a similar level within each strain.
Additionally, echo measurement was performed at similar times after beginning
anesthesia to minimize differences in anesthesia-related effects to cardiac
function.
The imaging setup included applying warm gel on the shaved chest and
placing the mouse on a warm pad at a shallow left-side position. The heart was
imaged with MX400, 20-46MHz linear transducer, with an axial resolution of
75µm. Images were taken at 300-400 frames per second and each area was
imaged in triplicate.
4.2.4. Echo assessments and data analysis
M-mode images in the left ventricle short-axis view and B-mode long-axis
view were obtained for each mouse. PW-D images were taken to assess the
mitral and AoV function. Quantification data were obtained by averaging three
consecutive heartbeats during the echocardiographic examination. The M-mode,
the left ventricular anterior, posterior, and inner wall during systolic and diastolic
peaks were taken to assess the LV thickness. Mitral valve Doppler was used to
assessing diastolic function by measuring intraventricular relaxation/contraction
time, E/A ratio, and ET. All data were analyzed using the Vevo Lab software
(FUJIFILM Visual Sonics, Toronto Canada).
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4.2.5. Tail cuff measurements
A non-invasive small animal blood pressure monitoring system (CODA
Kent Scientific, Torrington, CT) was utilized to assess the heart rate, systolic and
diastolic blood pressure, and mean arterial blood pressure in ten to twelve-weeks
old mice. The CODA tail-cuff system uses a specialized volume-pressure
recording sensor to determine the tail blood volume to measure the blood
pressure. All animals were anesthetized under 1-2% isoflurane before taking the
measurements.
4.2.6. Statistical analysis
All quantitative data are given as mean ± standard error mean and ‘N’
indicates the number of biological replicates. Statistical packages in GraphPad
Prism 6 were utilized to determine data normality and variance between the
groups. Statistical differences were determined using one-way analysis of
variance (ANOVA) along with Tukey’s post hoc test with significance considered
as p<0.05.

4.3 Results
4.3.1 Cardiac morphology and functional changes
M-mode and B-mode modalities were used to quantify the cardiac
functional changes. There were no significant differences (p>0.05) found for LV
posterior wall (LVPW), LV internal diameter (LVID), and LV volume (LVV) during
systolic or diastolic phase (Figure 4.4 (A-F)) among the three strains (WT, K5Edn3, and Kitwv/wv). Intraventricular septum (IVS) thickness during systole and
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diastole was also found to be statistically insignificant (p>0.05) as shown in
Figure 4.4 (G-H). Additionally, LV mass, LV relative wall index, cardiac output,
stroke volume, FS, and EF are statistically insignificant (p>0.05) among WT, K5Edn3, and Kitwv/wv (Figure 4.4 (I-N)).
4.3.2 Transmitral blood flow by Doppler imaging
Transmitral blood flow measurements were assessed using PW-D
modality. There is a significant difference (p=0.035) between the E/A ratio of WT
as compare to Kitwv/wv, but no significant difference (p>0.05) between WT and
K5-Edn3 (Figure 4.5A). There is also no statistically significant difference
(p>0.05) among the three strains for isovolumic contraction time (IVCT) and
isovolumetric relaxation time (IVRT) (Figure 4.5 (B-C)). There is a significant
decrease in the ejection time of K5-Edn3 as compared to WT (p=0.018) and
Kitwv/wv (p=0.013) (Figure 4.5D). Lastly, there is no statistically significant
difference (p>0.05) between the WT, K5-Edn3, or Kitwv/wv for MPI from the DTI
assessment (Figure 4.5E).
4.3.3 Pulse-wave Doppler-derived aortic valve blood flow assessment
To assess AoV blood flow and pressure, PW-D modality was utilized.
There is no statistically significant difference (p>0.05) among WT, K5-Edn3, and
Kitwv/wv when assessing mean AoV velocity, velocity-time integral, peak AoV
velocity, velocity across the AoV, peak AoV pressure and aortic root length
(Figure 4.6 (A-E)).
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4.3.4 Heart rate and blood pressure measurements
Lastly, by utilizing conventional non-invasive tail-cuff blood pressure
measurements in mice, heart rate, systolic/diastolic blood pressure and mean
arterial pressures were assessed. There was a significant increase (p<0.001) in
heart rate among K5-Edn3 and Kitwv/wv compared to WT (Figure 4.7A). There was
no significant difference in systolic, diastolic, or mean arterial pressure among
WT, K5-Edn3, and Kitwv/wv (Figure 4.7 (B-D)). Lastly, the bodyweight/ heart
weight ratio was significantly higher (p<0.01) in K5-Edn3 and Kitwv/wv compared to
WT (Figure 4.7E).

4.4 Discussion
Overall cardiac functions were assessed, particularly LV function, of K5Edn3 (hyperpigmented), Kitwv/wv (hypopigmented) mice, and control WT mice.
Overall LV function was found to be similar in all three strains despite the drastic
phenotypic differences in AoV structure (Chapter 3). I speculate that the lack of
overt differences could potentially be explained by compensatory mechanisms
that allow the cardiac function to remain normal at the ages assessed in this
study. It is possible that differences would arise at later stages of life, similar to
observations of valvular disease in humans that manifest in late adulthood due to
congenital malformations such as a bicuspid AoV (Wågsäter et al., 2013) (Odelin
et al., 2017) (Eley et al., 2018) (Longobardo et al., 2018). C57BL/6J mice show
significant changes in AoV function and morphometric changes as the mice age
from the fetus (E18.5- Postnatal stage 0) through late adulthood (9-16 months)
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(Hinton et al., 2008). Furthermore, they found slightly decreased AoV outflow and
mitral valve velocities at the embryonic and neonatal stages, whereas these
velocities were found to be similar in juvenile and adult stages. Hinton et al also
showed that there were not valvular differences between 9-month and 16-month
old mice (Rudolph & Heymann, 1967) (Spurney et al., 2004) (Hinton et al., 2008).
In light of the current results, a complete analysis of LV and valve function
throughout different stages of development and adulthood is needed for the three
strains used in this study.
In the future, these analyses should be carried out in aged mice or mice
subjected to stressful conditions where differences are much more likely to be
detected. For example, subjecting the mice to an atherogenic diet may elaborate
differences between the strains in response to pathological remodeling. In
conclusion, ultrasound imaging in mice provides a high temporal and spatial
resolution assessment of cardiovascular function. Improvements in frame rate
and matrix transducers allow high-resolution 3D imaging. To our knowledge, this
is the first study that has investigated the effects of AoV pigmentation on the
overall cardiac function.

4.5 Limitations
The limitations of this study include a relatively small sample size. Larger
numbers of mice may demonstrate small differences present between the
groups. Only Doppler echocardiography was assessed to define the LV function.
Invasive cardiac catheterization for classification would provide a more accurate
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measurement of LV function. The presented results shed light on the
physiologically relevant parameters on adult ages despite drastic phenotypic
changes.
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4.6 Figures

Figure 4.1 B-mode image view of a WT (C57BL/6J) mouse heart. (A) apical fourchamber view of the heart (B) long-axis view at the level of the papillary muscle.
Images were acquired using the Vevo 3100 ultrasound system (Visual Sonics).
AoV, aortic valve; LV, left ventricle; LA, left atrium; MV, mitral valve; PM, papillary
muscle; RV, right ventricle; RA right atrium; TV, tricuspid valve.
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Figure 4.2 M-mode image view of a WT (C57BL/6J) mouse heart displaying the
left ventricular wall dimensions and cardiac measurements. Y-axis represents the
distance in millimeters (mm) from the transducer and the x-axis is the time in
milliseconds (ms). Images were acquired using the Vevo 3100 ultrasound system
(Visual Sonics). The M-mode images show the LV anterior wall (AW), LV
chamber, and LV posterior wall (PW) through one diastole (d) to systole (s), LVID
left ventricular diameter.
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Figure 4.3 Pulse-wave and Doppler imaging view of a C57BL/6J mouse heart.
Peak E represents the peak velocity of blood flow from LV relaxation in early
diastole and Peak A is the peak velocity of blood flow in late diastole caused by
atrial contraction. Color Doppler changes in the blood flow in the mitral valve (*).
Images were acquired using the Vevo 3100 ultrasound system (Visual Sonics).
IVCT, isovolumic contraction time; IVRT, isovolumic relaxation time.
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Figure 4.4 Cardiac morphology and functional changes using M-mode and Bmode. CO, cardiac output; IVS, intraventricular septum; LVEF, left ventricular
ejection fraction; LVFS, left ventricular fraction shortening; LVID, left ventricle
internal diameter; LVPW, left ventricle posterior wall; LVV, left ventricle volume;
SV, stroke volume; Mean±SEM shown; N=7 (10-12 weeks old).
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Figure 4.5 Transmitral blood flow measurements by pulse wave Doppler imaging
using the short-axis view at a level of the papillary muscle. E/A ratio, early (E)-tolate (atrial, A) ventricular filling velocities; ET, ejection time; IVCT, isovolumic
contraction time; IVRT, isovolumic relaxation time; MPI, myocardium
performance index. Mean±SEM shown; N=7 (10-12 weeks old); *p <0.05.
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Figure 4.6 Aortic valve blood flow assessment using pulsed wave Doppler
imaging. AoV, aortic valve; Mean±SEM shown; N=7 (10-12 weeks old).
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Figure 4.7 Heart rate and blood pressure measurements using a non-invasive
tail-cuff method. HR, heart rate; MAP, mean arterial pressure; Mean±SEM
shown; N=7 (10-12 weeks old); * p <0.05, ***p<00005, **p<0.001.
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CHAPTER V
CONCLUSIONS AND FUTURE DIRECTIONS
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5.1 Conclusions and Implications
Cardiovascular diseases are one of the leading causes of death
worldwide. In the United States alone, more than 2.5 million people are affected
with valvular pathology and this is expected to double by 2020 (Yutzey et al.,
2014). Moreover, 63% of the heart valve deaths in the United States occur due to
aortic valve (AoV) malformation (Konduri et al., 2005). Calcific aortic valve
disease (CAVD) is the most predominant valve pathology where the valve
leaflets thicken, become stiffer, and accumulate calcium nodules, resulting in
regurgitation and eventually leading to stenosis. The unique cellular composition
and highly specialized patterning of the extracellular matrix (ECM) of the AoV
dictates its function. Two of the major developmental precursors, endocardial
cushions, and cardiac neural crest cells (NCCs), are the contributor to the
formation of the mature AoV leaflet. Recently, the second heart field (SHF) has
also been indicated to be a contributor to AoV morphogenesis (Eley et al., 2018)
(Mifflin et al., 2018). Previous studies have suggested that elastin degradation
may be an important initiator leading to AoV remodeling to CAVD (Hinton &
Yutzey, 2011). Thus, the present study focuses on the role of neural crest
contribution to the AoV and its role in the ECM formation, specifically elastin. In
particular, I aimed to explore the specific subpopulation of valvular interstitial
cells (VICs) that is responsible for the production of elastin and proper patterning
of the elastic fibers in the AoV. Furthermore, I also aimed to further understand
the biomechanical and functional implications of pigmentation in the AoV.
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In chapter 2, I showed that elastin transcription levels increase during late
embryogenesis and peak in early postnatal (P) stages up to P7 and decrease to
very low levels during adulthood. Using RNAscope in situ hybridization combined
with immunofluorescence, I found that AoV cells that express tyrosinase (TYR)
and alpha-smooth muscle actin (αSMA) are responsible for elastin mRNA
production. Given the complex nature of elastin production and final patterning in
the AoV, I further investigated fiber deposition and alignment during early
neonatal stages into adulthood. I showed that elastic fibers start to deposit as
early as P0 and around P7 start to align orthogonally to the collagen fibers. They
remain orthogonal to each other till adulthood. To further assess the relationship
between pigment and elastic fiber patterning, I found that in the K5-Edn3
hyperpigmented mouse model, elastic fibers are misaligned from P7 and remain
misaligned till adulthood as compared to WT. In the hypopigmented albino
mouse model, elastic fibers are almost completely absent from P7 till adulthood.
The same elastin phenotype was observed in another hypopigmented mouse
model, Kitwv/wv. These results clearly establish a strong correlation between the
presence of AoV pigmentation and proper elastic fiber formation during the
perinatal stages.
To confirm that the TYR/ αSMA positive elastin producing cells are indeed
of neural crest origin, I performed lineage tracing using the Wnt1-Cre/ZsGreen
mouse system. Surprisingly, a majority of cells expressing Eln and αSMA were
not observed to be ZsGreen positive, indicating that these cells are likely not
neural crest derived. Few cells were positive for Eln as well as αSMA and
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ZsGreen. Similarly, a majority of cells expressing TYR did not appear to derive
from a Wnt1 lineage labeled with ZsGreen. These results suggest that the elastin
producing cells are not neural crest derived. They also show for the first time that
melanocytes may be derived from a lineage other than the neural crest.
In chapter 3, I studied how AoV pigmentation influences its biomechanical
properties. I used atomic force microscopy (AFM) on intact isolated murine AoVs.
This was done for the first time as previously has been done on fixed tissue
sections. The results obtained corroborated previous findings from
nanoindentation studies that showed that hyperpigmented leaflets are stiffer than
hypopigmented or control leaflets (Balani et al., 2009) (Carneiro et al., 2015). I
performed a more detailed analysis by assessing regional elasticity in the AoV
leaflets of WT and the mutant mice. The WT AoV leaflets are spatially
homogenous in terms of stiffness whereas, the hyperpigmented K5-Edn3 AoV
leaflets show a significant increase in the base as compared to the tip, belly, and
commissure regions. Lastly, Kitwv/wv leaflets have higher stiffness at the tip as
compared to the belly, base, and commissure regions. These findings support
the notion that pigmentation directly affects the biomechanical properties of the
AoV and plays a critical role in proper ECM deposition and alignment, specifically
elastic fibers.
In chapter 4, I investigated putative cardiac physiological consequences of
the elastin phenotype encountered in the mice with altered elastin patterning in
the AoV. Cardiac function examined by hemodynamic and functional
performance was similar in the wild type, hypopigmented, and hyperpigmented
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adult mice. Although these results were unexpected given the dramatic changes
in elastin patterning, the age or stress level of the mice studied may not allow for
the detection of functional differences. Additionally, compensation mechanisms
may be in a place that also masks subtle functional alterations.
Together, the results of this study show a clear relationship between
pigmentation, elastic fiber patterning, and biomechanics of the murine AoV. For
the first time, it shows that elastin producing cells in the AoV show a complex
multi-differentiated phenotype. It also suggests that the elastin producing cells
arise from a lineage other than the neural crest

5.2 Future Directions
This dissertation provided insights into an understudied component of the
AoV ECM, namely elastin. It established the timing and cellular origin of elastin
production. One of the most interesting findings is that the cells responsible for
elastin production in the murine AoV express at least two markers, TYR, and
αSMA, that are used to characterize two different cell types, melanocytes, and
smooth muscle cells, respectively. Except for the melanocytes in the retinal
pigment epithelium, all other melanocytes are known to be of neural crest origin
(Murisier et al., 2007). Our expectation was that the elastin producing cells would
also be derived from neural crest progenitors based on their expression of TYR.
Our lineage-tracing experiments with the Wnt1-Cre mouse system indicated that
most likely that is not the case. It is possible that full recombination was not
achieved with the Cre system and the elastin producing cell population was not
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labeled with ZsGreen. However, this is unlikely because we saw consistent
results in all mice we examined. Another possibility is that elastin producing cells
are derived from different lineages and happen to acquire the differentiation
markers of varied cell types to maintain some level of multipotentiality. The first
step to clarify the origin of elastin producing cells is to perform lineage tracing
with other Cre systems such as Tie2-Cre, which will label the endocardial
derivatives and Nk2.5-Cre, Isl1-Cre, or Mef2c-Cre, to label SHF derivatives. In
order to fully understand the levels of cellular heterogeneity in the AoV, a
combination of single-cell RNA sequencing with spatial transcriptomics cell fate
decision studies will also help uncover the phenotypes that are responsible for
elastin production. Follow up experiments with human AoV leaflets will
strengthen the robustness and translational relevance of our findings. Although
pigmentation has not been reported in human AoV leaflets, no analyses have
been carried out with fetal valves Since elastin expression is highest at these
developmental stages, fetal valves should be examined for the presence of
pigmentation and melanocytic markers. In fact, we have observed a large
number of cells in adult human diseased valves that are positive for the
melanocytic marker DCT (unpublished results). There has been another reported
study that has looked at characterizing human valve development and has
shown that the TRP1 expression are present throughout fetal development
(Gottlieb Sen et al., 2018). More detailed analysis with other melanocytic markers
is recommended.
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I showed that the elastic fiber arrangement and the biomechanical
properties of AoV leaflets are altered dependent on the levels of pigmentation
present. Our results did not allow us to fully differentiate between a requirement
for the pigment itself or the process of melanogenesis. This could be achieved by
using a mouse model where the enzyme tyrosine hydroxylase is expressed
under the tyrosinase promoter in an albino background. The use of these
transgenic mice has shown that pigment itself is not required for proper hearing
and visual functions but that early melanin precursors, L-DOPA or its metabolic
derivatives, are (Lavado et al., 2006) (Murillo-Cuesta et al., 2010). If the latter
turns out to be the case, further studies in human valves should be carried out to
investigate a relationship between tyrosine hydroxylase expressing cells and
elastin patterning.
Our analysis did not show major cardiac functional differences among the
mice with different levels of pigmentation in their AoVs. A more detailed analysis
with mice of different ages, especially aging mice, and under different stress
conditions should be carried out. For example, mice could be put under different
types of diets such as celecoxib to manipulate glucocorticoid signaling to create a
more permissive environment for the appearance of cardiac diseases (Vaidya et
al., 2020).
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APPENDIX I

Figure A.1 Secondary antibody control of wholemount AoV staining.
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APPENDIX II

Figure A.2 RNAscope in situ hybridization controls. (A) Negative control for Cy3,
Cy5 and FITC channels. (B) Positive controls for Cy3-UBC gene, Cy5-POLAR2A
gene, FITC-PPPIB gene.
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APPENDIX III

Figure A.3 Timeline of elastin mRNA expression in developing C57BL/6J aortic
valve. Mean ± SEM shown; *p<0.05, **p<0.001, ****p<0.00001, N=5-9 biological
replicate per stage.
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